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This EngD portfolio consists of three volumes.
Volume I is the thesis that covers the main research activities and contributions to knowledge 
of the EngD.
Volume II consist of the appendices to the thesis body, the published works, e.g. papers in 
peer-reviewed journals, as well as the full report prepared for the case study.
Finally, volume III includes the six month progress reports written during the past four years to 
document the research progress. Nonetheless, most of the content of these six months reports 
is incorporated into the thesis body so it is repeated information and not essential to read.
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Appendix XI. 6 month literature review
1 introduction___________________________________
This document is the first literature review for the Engineering Doctorate (EngD) 
project named “Using waste-to-energy technologies as part of building energy 
systems -  an analysis of engineering, environmental and financial impacts.” This 
literature review tries to provide background information on relevant topics for the 
EngD as well as a description of the current state of the art in policy, technologies and 
environmental issues and knowledge. Some of the topics that this literature elaborates 
are the environment, the use of ^ resources (goods and energy), waste and its 
management and finally construction industry and building services.
This literature review tries to establish a base that could be used as a starting point for 
future research during the EngD.
2 Background_________________ __________________
The main reasons that underpin the relevance of this EngD are sketched in the six 
month report; nevertheless, in the next sections a base of knowledge in the following 
relevant topics for the EngD is established:
• Environment
• Energy and resources
• Waste
• Construction and building services
• Waste management
2.1 Environment
It has already been mentioned that climate change, and particularly the enhanced 
greenhouse effect, is an important ongoing consequence of human activity (IPOO
2001). It is necessary to act now based on the Precautionary Principle i.e. act before 
there is enough sound scientific evidence that links the cause and the effect if the 
issue is going to be tackled. If nothing is done, the consequences will be increase in 
temperatures, change in precipitation patterns, rise of sea levels, reduce of crops 
yields, etc. (Environment Food and Rural Affairs Committee 2005) and that is simply 
not acceptable. This issue has to be approached at all levels. Some 
recommendations, reports and action plans on climate change have been written like 
the Royal Commission on Environmental Pollution report 22""" (RCEP 2000) or the 
United Kingdom (UK) climate change plan (DETR 2000b) on a national scale. At an 
international, worldwide level, there are other agreements and initiatives like the Kyoto 
Protocol (UNFCCC 1997), the recent United Nations (UN) Climate Change Conference 
in Montreal on December 2005 and a huge amount of research like the one done by
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the Intergovernmental Panel on Climate Change (IPCC) set up in 1998. However, there 
are some other topics that also require our attention, for example, resource depletion, 
local contamination, etc.
On the topic of resource depletion, the more general reason is that the earth is a 
thermodynamically closed system from a material point of view (Jackson 2004) hence 
the only available material resources are the ones that already exist in the earth. If our 
way of life imposes a massive consumption of an individual material resource so that it 
is depleted or evenly dispersed to non-exploitable levels, the society is obliged to 
change. Depletion of substances like phosphorous and platinum could happen even 
before than other foreseen events (climate change, etc.) which seem to be current top 
concerns.
However, from an energy point of view the Earth is not an energy-closed system 
because it constantly receives energy from the sun. Currently humanity obtains most 
of its energy by burning fossil fuels. This is a well-established paradigm but until 
recently the use of biomass, animal waste or naturally occurring energy emanations 
was the energy-obtaining paradigm. The energy stored in the fossil fuels came 
originally from the sun and then it was incorporated by animals and plants into their 
organisms and then it was buried for a long period. Not so long ago, it was discovered 
the energetic content of this fuels so they are being dug out and burnt. However, at 
the origin of these fuels there is a lengthy natural process so the resources are not 
replenished at the required pace to equal the rate of consumption.
This leads to a situation where other energy sources are required. There are only two 
plausible answers nuclear and the so-called renewables. The first one has to deal with 
two intrinsic problems like uranium scarcity i.e. it is based on an existing material 
rather than an energy flow and its long-lasting radioactive residues. The second group 
is composed of technologies like hydro, wind, solar, biomass, etc. This group is 
named renewable because they are all originated by the sun's energy that impinges 
on the earth and that will continue to do so until a very far future. This energy is 
directly captured or it is naturally transformed into wind, rain, green matter, etc. that is 
later transformed, processed or used by human means.
In order to try to optimize the use of energy and to reduce the amount of waste that it 
is simply disposed without squeezing its usability to the maximum (either as a good or 
as a fuel) a shift of the existing paradigm into a more sustainable one is needed. There 
has been a development of technologies with the objective of produce energy from 
other sources. One of these sources is waste and the associated technologies are all 
described by the term “energy from waste.” (EfW). From the comments above, it is 
clear that EfW is not based on the sun’s energy thus it is not 100% renewable and 
virtually unlimited however, it is based on waste (e.g. on discarded materials) and so it 
makes a better use of the material resources on the earth. As a materially based 
technology, it has to be combined with renewable energies to provide an overall (i.e. 
energy and resources) sustainable human development. As a summary, EfW links the 
solutions to two big problems in the present world and helps humanity to preserve the 
environment and live a more sustainable existence.
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Another of the local environmental problems associated with EfW technologies is the 
contamination. The source of it can be through the traditional paths: air, water and soil 
emissions. The first type comes out of the flue stack. An example of the second one 
could be the spillage of contaminated slurry in an anaerobic digestion plant that leaks 
out to an aquifer. Finally, an example of the soil contamination could be an 
uncontrolled disposal of ashes or the wrong use of contaminated sludge as a soil 
fertiliser. It is true that these emissions occur however, these emissions occur as well 
in power plants and waste handling facilities. EfW thus should not be doomed with 
extra fear. A strict regulation, as it already exist for example with the Waste 
Incineration Directive (WID) 2000/76/EC (European Commission 2000b) will minimise 
these contamination problems.
There are two main strategies to deal with environmental problems adaptation and 
mitigation. (Environment Food and Rural Affairs Committee 2005)
• Adaptation strategies acknowledge that a degree of climate change as a result 
of past human activity is already inevitable, and employ methodologies to 
reduce the predicted impact of climate change
• Mitigation strategies are long-term methods by which emissions of greenhouse 
gases are reduced to minimise the extent of climate change in the future
EfW belongs to the second group because it helps reducing greenhouse gas 
emissions and diverts waste from landfill, which is responsible for the 45% of the 
methane emissions of the UK (APIS 2006 Table 2). It also displaces energy 
production in fossil fuel powered stations that are the largest single source of carbon 
dioxide emissions in the UK. However, when emissions from power stations are re­
allocated to the sector consuming the electricity, the industrial sector dominates. (DTI 
2005c)
The UK, originally through DEFRA but in the future the responsibility will be share also 
by the Department for Transport (DfT), the Department for Trade and Industry (DTI), 
has already some commitments on greenhouse gases reductions:
• 20% reduction in C02 emissions below 1990 baseline levels by 2010
• 60% reduction in C02 emissions below 1990 levels by 2050. This goal has 
been reiterated in section 1.10 of the 2003 Energy White Paper: “Our energy 
future - creating a low carbon economy” (DTI 2003)
These commitments are not only punctual statements without continuity, they are 
monitored and reports are produced to assess if the current situation is in track with 
previsions. The current strategy has recently undergone consultation and a report on 
the situation has been produced and published March 2006 (DEFRA 2006)
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2.2 Resources: Energy and materials
As with all aspects of life, energy and material consumption has its pros and cons. On 
the very positive side, energy is a key factor for improving human welfare and as such; 
it is essential for a sustainable development as well as material goods. On the 
negative side is contamination produced by power stations that establishes a link 
between energy, environment, and waste production that further reinforces that union 
between energy, materials and the environment.
In the early stages of technology development (e.g. early industrial revolution in the 
developed countries or nowadays in the developing countries), progress is usually 
done in a very contaminant way and waste is disposed without full knowledge of 
possible future implications. The consequence of these is degradation of the 
ecosystems' quality and the environment. That situation should be rectified as time 
passes, but that is not always true, and even today contamination happens in the 
most industrialized countries due to power production for example. Some effects 
associated with pollution are acid rain, water pollution, etc.
The current situation in the UK reflects that the power generation sector contributes a 
significant proportion to the UK's total greenhouse gas emissions. In 2002, the energy 
supply sector in the UK emitted 61 million tonnes of carbon (MtC), around 90% of 
which comes from C02. This represents some 30% of total UK C02 emissions 
(DEFRA 2004). Defra states that:
“Despite slight increases in 1998 and 2001, emissions of carbon dioxide from 
power stations have steadily decreased, reducing by around 20% between 
1990 and 2002. This largely reflects a continuing shift in the way in which 
electricity is generated: in particular a shift from coal and oil to gas-fired power 
stations, which are relatively more efficient and produce less carbon dioxide 
for a given amount of energy produced.” (DEFRA 2004 paragraphs 6.4-6.5)
Production of energy from renewable sources does not generate any carbon dioxide. 
Biofuels and biomass are the exception, but in these cases any carbon dioxide 
released is offset by carbon dioxide incorporated by the crops while growing, thus 
rendering them 'carbon neutral'. Some EfW technologies could also fall into that 
category because when energy is produced through incineration C02 is released.
Due to this link of energy production and C02 release with the consequent enhanced 
greenhouse effect, the UK Government in the Energy White Paper 2003 (DTI 2003) 
signalled the Government's aspiration to further double the proportion of electricity 
supplied by renewables by 2020 with associated savings of around 2.5 MtC in 2010 
according to DEFRA. The National Audit Office report named “Renewable Energy” 
suggests that doubling the proportion of renewable energy to 20% by 2020 would 
reduce 002 emissions by between 20 to 27 MtO. (National Audit Office 2005)
Examples of renewable energy sources include:
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Biofuels (such as biodiesel) and biomass (such as energy from willow)
Biogas (e.g. the burning of landfill gas such as methane)
Energy from waste
Solar power (photovoltaics and thermal)
Hydroelectric, tidal and wave power 
Wind power, both on- and offshore.
Material consumption also poses some environmental problems because of the huge 
amounts of waste that our ineffective manufacturing processes generate and that 
have to be disposed.
Another important relationship is established between energy and politics on the issue 
of energy security because not being self-sufficient is a high-risk situation. Energy is 
required to power economy so a reliable supply is essential; nevertheless, many 
countries depend on others for their energy supplies. International conflicts can affect 
a country economy as it has recently happen with Middle East conflicts and Russian 
gas disputes, etc. that brought instability to other countries (United Nations 
Development Program 2004).
At a European level, the energy policy in the European Union (EU) was first stated in 
the 1995 white paper on energy. In that paper, the three main objectives were overall 
competitiveness, security of energy supply and environmental protection. The green 
paper from the European Commission on energy security was published in 2000 
(International federation of industrial energy consumers 2000). EfW can be a way to 
assure the energy security because fuel is nationally sourced because it will be mainly 
locally produced waste. For the UK, a similar document is the 2003 Energy White 
Paper: “Our energy future - creating a low carbon economy” (DTI 2003) that pays 
special attention to energy efficiency and reliability and to low carbon generation and 
transport. This document is currently under consultation from January 2006, showing 
again the UK government commitment to have its policies updated and that all 
stakeholders stay on track with the objectives.
There is still another relation of energy and economy. Energy industry contribution to 
the UK economy has decreased in percentage and in the number of employees since 
1970. However, the energy industry is a heavy investor in capital equipment and 
innovation. The following figures for the UK energy sector extracted from the UK 
energy in brief report in July 2005 (DTI 2005b):
• A 3.2% of gross domestic product (GDP) came from the energy sector in 2005 
whereas in 1980 the value was around the 10% of the GDP.
• A 5.8% of total investment was energy sector related. If only the industrial
investment is taken into account, the figure is 38.1 %.
• The sector has a 3% of annual business expenditure on research and 
development (circa 2400m in 2003).
• There are 148,900 people directly employed in 2004 (4% of industrial
employment) and more indirectly e.g. an estimated 260,000 in support of UK
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Continental Shelf production. In the 1980, the number of people employed was 
600,000 and
• Finally, a trade surplus in fuels of £1.3 billion was generated in 2004.
This is a picture of the energy sector from an economic point of view. EfW can 
strengthen these figures thanks to the required investments, the savings in waste 
taxes and associated costs and the required research. Moreover, EfW is an incipient 
sector in the UK and its contribution will increase in the future.
It has been demonstrated that there is a relationship between EfW technologies, 
energy and materials but some more data is required on UK energy trends to build up 
the relevance building services and the need to integrate them with EfW.
Figure 1 depictures the evolution of the energy consumption in the UK per economic 
sector. There is a slight increase (10.77%) in the overall energy consumption since 
1990 with 221.6 million tonnes of oil equivalent (Mtoe) to the 245.5 Mtoe in 2003 for 
the UK over the time. The highest energy consuming sectors are the domestic 
(32.72%), manufacturing (24.71%) and the transport and communication (14.36%) 
sector. All the percentages refer to 2003 figures. These sectors have been in these 
positions since 1990.
Energy consumption UK per sector
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Figure 1. Overall energy consumption in the UK by sector. (Office for National Statistics 2005)
Figure 2 reflects almost a flat evolution but for a small peak in the late 1990s in the 
percentage of the non-carbon power regeneration. Overall, there is just an increase 
below 2% by 2003 despite the targets set up by the energy white paper (DTI 2003) to 
generate 10% of the electricity production by renewables by 2010 and double that 
figure by 2020.
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Percentage of non-carbon energy over the total energy production in the UK
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
Year
I Non carbon sources □ Renewables
Figure 2. Percentage of non-carbon energy production and renewable in the UK. (Office for National Statistics 2005)
In Figure 2 the two series are:
• Non-carbon resources i.e. nuclear and hydroelectric power and imports of 
electricity;
• Renewable sources include solar power and energy from wind, wave and tide, 
hydroelectricity, wood, straw and sewage gas. Landfill gas and municipal solid 
waste combustion have also been included within this definition.
World energy consumption is projected to increase by 57% from 2002 to 2025 and 
much of that growth will be due to emerging economies. In the case of mature 
economies, the estimated rate of growth will be around 1.1% yearly in the same 
period compared with a 3.2% for the emerging economies. In that scenario, fossil 
fuels will continue to supply most of the consumed energy in the world and will cover 
for a big part of the predicted increase. Natural gas is projected to be the fastest 
growing primary energy source worldwide. (Department of Energy USA 2005)
The evolution of energy consumption is steadily increasing in the UK as it has just 
been shown, but that is a general trend worldwide as reflected by Figure 3.
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Figure 3. Evolution from 1971 to 2003 of world total final consumption by fuel (Mtoe). (lEA 2005)
Once that is clear that the domestic sector is the most important energy consumer, 
and that the energy consumption overall demand is growing, it is necessary to focus 
on the building services sector’s energy consumption.
The residential sector energy consumption, i.e. the energy consumed in households 
excluding transportation uses, evolution can be seen in Figure 4. The energy use in 
this field is higher in the mature economies due to households having more energy 
using appliances. In general, the energy usage in this sector will increase due to higher 
use of air conditioning or heating appliances (Department of Energy USA 2005). This 
means that in developing economies, e.g. China and India, the amount of energy 
could be relatively low, but will increase incredibly in the future. These energy uses 
can be considered as building services as they are intended to provide comfort to 
dwelling users.
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Domestic energy consumption by final use, 1970 to 2002
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Figure 4. Evolution of domestic energy consumption by final use in the UK. (DTI 2005c)
An analysis of the commercial sector energy use reflects that it is made up mainly of 
energy for building services i.e. space heating, lighting, coding, etc. Its change is 
affected by many factors and seme of them will make it grew, seme of them might 
present a recessive behaviour, but overall it is expected to grow in the next years. 
(Department of Energy USA 2005)
As a consequence of these analysis, it can be seen that the energy consumption by 
the building services sector is already huge and that will keep on being sc in the 
future, even at a higher pace than the overall energy demand. This fact has already 
been spotted by the European Commission and has addressed it via the 2002/91/EEC 
directive of the European parliament and on “Energy performance of buildings” that 
was due to come into force in January 2006. This directive reflects the tight link 
between the energy sector and legislation.
The energy consumption and the economic growth are usually coupled; however, 
technical evolutions are reducing this ratio progressively. In other words, technical 
advances allow producing more capital with less energy expenditure. Actual ways of 
energy production are based mainly on fossil fuels, so energy generation/consumption 
is also coupled with C02 emissions. Another element that is also deeply coupled with 
GDP and energy consumption is waste generation as stated by the EU Presidency:
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“The relationship between economic growth, consumption of natural resources 
and the generation of waste must change. Strong economic performance must 
go hand in hand with sustainable use of natural resources and levels of waste.” 
(EL) Presidency 2001 paragraph 31)
As a summary, there are four variables interlinked economic growth, energy 
consumption, C02 emissions and waste generation that should be decoupled. The 
desired evolution is an increase in GDP and a reduction of all the rest. EU presidency 
has also made clear its position on this:
“The relationship between economic growth, consumption of natural resources 
and the generation of waste must change. Strong economic performance must 
go hand in hand with sustainable use of natural resources and levels of waste. 
(EU Presidency 2001 paragraph 31).
There are recent trends that show that for example energy and GDP are being 
decoupled thanks to the improvement of the energy ratio, (DTI 2005c) as reflected in 
Figure 5. The decoupling between GDP and 002 emissions is reflected in chart 2.1 of 
the Energy Efficiency White Paper 2003 (DTI 2003).
The energy ratio since 1970
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Sourco: Depsrtrsient of Trado and Indusvy: Offiœ t>r National Statistics 
Figure 5. Evolution of the energy ratio in the UK since 1970. (DTI 2005c)
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2.3 Waste
The first topic that is worth investigating is the definition of waste and the Merriam- 
Webster online dictionary defines waste as:
• damaged, defective, or superfluous material produced by a manufacturing 
process
• an unwanted by-product of a manufacturing process, chemical laboratory, or 
nuclear reactor
• refuse from places of human or animal habitation
• material derived by mechanical and chemical weathering of the land and
moved down sloping surfaces or carried by streams to the sea
Similarly, the Oxford Concise Dictionary defines waste as “unusable or unwanted 
material.”
As a summary, waste can be considered everything that is not wanted or a by-product
of a process that the producer wants to get rid of. It consists of the leftovers,
spillages, residues, unused raw materials, non quality-compliant products or 
undesired by-products of any given process. Waste is produced whenever a process 
is carried out and that is permanently done by everyone everywhere or by time 
passing over materials. Therefore, waste is produced constantly, very distributed and 
locally to where the process takes place. Nevertheless, it is also true that being 
distributed does not imply that it is evenly spread i.e. there are places were waste is 
massively produced by human agglomerations (e.g. cities) or by industrial processes 
(e.g. factories, energy producing facilities). All this waste has to be collected, 
transported and disposed if nothing can be done with it. Dealing with concentrate 
amounts of a well-known type of waste (e.g. with end-of-pipe solutions) is easier than 
with distributed waste that has to be collected, transported, classified, etc.
The Framework Directive on Waste 91/156/EEC that amends the previous directive 
75/442/EEC (European Commission 1976) is one of the key laws in the EU waste 
framework and defines waste as:
“Any substance or object which falls into one of sixteen categories in Annex I 
of the Directive, which the holder discards or intends or is required to discard.” 
(European Commission 1976 p 4)
Annex I of the original directive 75/442/EEC lists the types of residues that can be 
classified as waste and that can be summarised into the next categories (Read 1999):
• Production or consumption residues
• Products whose date for appropriate use has expired
• Materials contaminated or soiled
• Substances that no longer perform satisfactorily
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However, this definition has some intrinsic problems that have caused some problems 
and blocked certain waste management strategies. Some of these problems have 
been reflected in a ED Environment & Safety bulletin in January 2006 (Denton Wilde 
Sapte 2006):
• “The by-products debate. The Commission will publish guidelines in 2006 
based on the jurisprudence of the European Court of Justice, on the issue of 
when by-products should or should not be considered as waste.”
• “When waste ceases to be waste. Proposed amendments to the Waste 
Framework Legislation will clarify when waste ceases to be waste and 
becomes a new or secondary raw material.”
• “Energy from waste as recovery. Proposed amendments to the Waste 
Framework Legislation will clarify when incineration is classed as recovery and 
when it is classed as a disposal activity, based on energy efficiency.”
One of the basic principles underlying the EU waste legislation e.g. the Waste 
incineration Directive, the Waste of Electronic and Electric Equipment, etc. is the 
“Precautionary Principle.” (European Commission 2000a). The Precautionary principle 
is used on risk-management, policy and decision making activities. This principle 
states that although there might not be enough scientific evidence of a cause-effect 
relationship on the human health or the environment, the possible source should be 
banned or at least regulated. This principle is put under debate with the challenges on 
the definition of waste. The reclassification of “previously defined waste” as products 
under new regulations might be against the precautionary principle. However, at the 
same time, it is required for clarification purposes by investors and authorities that 
have to grant planning permissions.
At the same time, another of the fundamental principles of the EU waste framework, 
the “Proximity Principle” is challenged with the redefinition of waste and the possibly 
derived consequences. The proximity principle declares that all waste should be 
disposed of, or otherwise managed, as near to its place of production as possible 
(European Commission 2005a). If a recycling market is to be opened in Europe, the 
waste treatment needs to be considered at a European level hence moving away from 
the proximity principle statement.
Because of these challenges, there have been an ongoing debate on the definition of 
waste, but it will end, though probably not satisfactory for everyone, in the near future.
The European Commission has published a document "The story behind the strategy. 
EU waste policy” that describes some of the struggle in the waste definition and the 
previous fruitless attempts to change the definition. The commission started a 
consultation and the feedback from this consultation revealed that there is a 
significant consensus against radically changing the definition of waste. One reasons 
was that there is no obvious better alternative; another that change would render 
uncertain the twenty years of case law from the European Court of Justice on 
application of the definition that has helped to make the situation clearer (European 
Commission 2005a).
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However, two aspects of the definition were highlighted as being unclear. These were 
the issue of when a waste ceases to be a waste, and to a lesser extent the distinction 
between waste and non-waste by-products. In order to improve this situation, the 
proposed revision of the Waste Framework Directive contains a provision that is 
designed to clarify “end of waste” status for those waste streams where this would be 
appropriate, on a stream-by-stream basis (European Commission 2005a).
In the UK according to the Environmental Protection Act, waste is defined as:
“Any substance which constitutes scrap material or an effluent or other 
unwanted surplus substance arising from the application of a process, or any 
substance or article which requires to be disposed of as being broken, worn 
out, contaminated or otherwise spoiled.” (UK Parliament 1990)
The second topic that requires some research is waste generation trends. However, 
this is not an easy task. As a general impression, waste generation increase rate is 
similar to that of the country GDP (European Commission 2005a) however, EU-wide 
statistics on waste treatment are available only for municipal waste.
The statistical outlook remains the same, since reliable information on waste 
generation trends will not be available before 2008. This means that setting waste 
prevention targets before the data has improved would inevitably be a somewhat 
imprecise exercise. (European Commission 2005a) In order to do so, £2.1 m funding 
from the Business Resource Efficiency & Waste Programme (BREW) that comes from 
landfill tax will be invested in the UK during 2006 to improving the quality of data on 
waste as part of a DEFRA initiative.
Data for different waste streams and quantities is available despite data gaps and 
inconstancies in the way data are gathered from different sources (Strategy Unit
2002):
• A municipal waste management survey -  a comprehensive annual survey of 
local authorities in England and Wales is carried out by DEFRA;
• An industrial and commercial survey -  last carried out in 1998/9 by the EA;
• Construction and demolition data -  gathered by the Office of the Deputy Prime 
Minister (ODPM);
• The Waste Collection and Disposal Statistics Survey -  an annual survey 
prepared by the Chartered Institute of Public Finance and Accountancy and
• The landfill tax credit schema funds research data and collection but this is
poorly co-ordinated and there is no systematic dissemination of the results.
The third topic is waste perception. Waste has traditionally been seen as something 
complex, difficult to gather good statistics on, and difficult to regulate and manage. 
Waste is associated with things that are no longer wanted and because of the long 
history of mismanagement, waste does not have a good reputation waste is viewed in 
generally negative terms as a problem, a cost, a pollutant. Nevertheless, a breach is
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opening up between the perception of waste as a significant environmental problem - 
something to be strictly controlled and disposed of as cheaply as possible - and the 
increasing evidence that waste can be a resource to be exploited. (European 
Commission 2005a)
There are different types of waste and some of them are suitable for EfW applications, 
some of them are not. A more detailed breakdown of waste types is in section 5.2.
Finally, waste has to be treated or disposed somehow, these tasks are done under the 
generic title of waste management, and that is the next topic that needs to be 
scrutinized.
2.4 Waste management
For the European legislation, waste management is:
“Waste management shall mean the collection, transport, recovery and 
disposal of waste, including the supervision of such operations and after-care 
of disposal sites.” (European Commission 1976 p 3)
Waste management is the processes and activities related with the handling, 
transport, incineration, disposal, etc. of waste
A brief sketch of the different processes and flows in waste management is depicted 
in Figure 6. The energy and material flows are seen as input to the economic 
processes. As mentioned before, waste is a by-product of economic processes and 
leaves the system via two ways either as a material to be disposed after being 
collected and transported, or as a material that can be reused in other processes. 
When reused, it can be transformed or used on its original form or in some other form 
with less quality again, but when it arrives into waste processing facility, a completely 
new range of possibilities appears. They are in order of importance according to the 
waste hierarchy (see Figure 7) recycling, energy from waste and finally landfill. 
Flowever, these methods are not always possible nor exclusive i.e. a combination of 
them may be the most suitable option. With recycling there is some material feedback 
into the economic processes and with EfW, besides materials (e.g. sludge or ashes) 
there is also an energy flux. On the other hand, from landfill, there is no feedback, and 
so materials disposed to landfill could be considered as lost from the economic 
activities.
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Energy and Material flows in Waste Management
Economic Processes
Energy from Waste Materials flow with 
energy consumption
Energy Flow
Collection Processing
and ^------- Operations
[ Landfill J
Recycling
Note: Reducing energy and materials inputs and 
of waste outputs can only be done with proper 
design (e.g. ecodesign, LCA, etc.)
Note 2: Material arrows between E1W and 
Economic Processes (compost), between 
Transport and Processing Operations (secondary 
transport) and Landfill to EfW (landfill gas)
Figure 6. Energy and Material flows in waste management.
The waste management strategy at different level needs some clarification. Waste 
management strategy, exists at European level, to a national level, and even to a 
regional and local level.
The reasons for promoting a sound waste management strategy are economical, 
environmental, and social, i.e. waste management aims for sustainable development, 
but there are also legislative reasons.
• Companies with waste strategies have better economic results because of less 
wastage. Moreover, waste management is not free, it costs £3.2 million in the 
UK yearly and if the amount of waste rises steadily at a 3% year to year, the 
cost will increase by 50% by 2020 according to the Strategy Unit (Strategy 
Unit 2002).
• A sensible waste management procedure leads to less negative environmental 
consequences. A holistic environment approach will yield to better designed 
products and less produced waste at the same time less energy will be 
consumed to produce the same product and there will be no need to spend 
energy in waste collection.
• Social reasons. Society and companies are the ultimate responsible for 
accomplishing any objective in waste management. If a sustainable developing 
society is to be achieved involvement from individuals and companies is
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essential. The “reduce, reuse, recycle” paradigm is a technological paradigm 
but it needs to be carried out in a bottom-up approach from individuals to 
higher level organizations like companies and local authorities.
• Legislation enforces the agreements at a political level and drives the waste 
management activities. Consequently, the applicable legislation shapes the 
tactics and approaches of stakeholders regarding waste strategies.
Waste management is crucial at whatever level considered. A nation's Government 
has to make clear its intentions on this topic because, as previously said, they affect 
many important areas and stakeholders. At the same time, the final strategy cannot be 
based only on partial opinions, scientific evidence or economic pressures. A 
consensus must be reached upon it and it is even necessary to agree on the scale of 
the policy.
For example, at European level, it became clear from stakeholder consultations and 
expert meetings that many aspects of waste prevention are best handled at national, 
regional or local level hence it is questionable to what extent binding EU-level targets 
are compatible with this finding. At the same time, it was clear that full advantage is 
not being taken in the whole EL) of the benefits of waste prevention, and this will not 
happen without some form of catalyst to encourage more effective action and better 
analysis in support of waste prevention. In other words, the real day-to-day work 
needs to be done locally though the policy needs to come from a high-level 
organization. The result of the consultation was that common EL) standards are a 
better solution for the EL) both environmentally and economically and accordingly, the 
Thematic Strategy was formulated under that premise (European Commission 2005a). 
That strategy is embedded in "The Sixth Environment Action Programme of the 
European Community 2002-2012” as one of the seven environmental thematic 
strategies (European Parliament 2002) and it is named the “Prevention and Recycling 
of Waste” (European Parliament 2005) strategy and that was approved the 21st of 
December 2005.
There are even some international level agreement documents on waste management 
and also on trans-frontiers movements of waste like the Basel Declaration on 
Environmentally Sound Management (UNEP 1999)
Apart from the policy and strategic importance, the waste management and recycling 
sector in the EU is a big industry with a high growth rate and has an estimated 
turnover of over €100 billion for EU-25. It is labour intensive and provides between 1.2 
and 1.5 million jobs (European Commission 2005b).
The EU Thematic Strategy on the prevention and recycling of waste (European 
Parliament 2005) in its communicate COM 2005/666 describes the current situation, 
the desired one and the actions required to drive Europe towards it. The strategy is 
based on the following major premises:
• EU’s waste policy should focus on the environmental impact of using 
resources;
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• A life-cycle approach is required when addressing waste recycling and 
prevention topics;
• Finally, the waste policy should also tie in with the Integrated Product Policy 
(IPP). IPP aims to reduce environmental impacts from products throughout 
their life cycle, where possible using a market-driven approach (i.e. involving 
producers, policy-makers and consumers).
The following general actions are proposed in the thematic waste strategy:
Simplification, modernisation and enforcement of legislation;
Simplification in the waste, recovery and disposal activities definition 
Develop common recycling standards and policies;
Introduce life-cycle thinking in waste policy;
Improve the knowledge base;
Promote a more ambitious waste prevention and recycling strategies at 
European level.
In the EU, apart from the Commission’s guidance, each country has to have a waste 
strategy. The UK has its own policy document: Waste Strategy 2000 (DETR 2000c), 
which is currently being reviewed through a consultation process that will finish in May 
2006. That document mentions the following key points:
• Slow waste growth
• Boost recycling
• Increase choice and waste management possibilities
• Stimulate innovation
• Reduce environmental damage and improve resources productivity.
Analogously to the EU policy, the UK strategy named “Securing the future” (Secretary 
of State for Environment Food and Rural affairs 2005) approach lies inside a strategic 
framework of sustainable development “One future -  different paths” (DEFRA 2005b) 
but in the early 1980s, it was not the case. Landfill was the predominant method of 
dealing with waste because it was very cheap but the long-term environmental costs 
were forgotten. In the late 1990s, the UK waste strategy was reviewed, environmental 
standards were risen and a new strategy document named “Waste Strategy 
2000.”(DETR 2000c) was published (Lisney et al. 2003). It has to be noted that in the 
past, the UK Government had tried to set up a waste management strategy based on 
the protection of the human health and the environment. However, it has not been 
coherent along time and successive targets had not been met (Strategy Unit 2002). 
Since the publication of the latest UK’s waste strategy five years have passed but they 
are not enough to perceive a full change. Similar changes in other countries have 
taken 10-15 years so a similar timeframe should be expected for the UK. At the same 
time and based on the precautionary principle as a reference, it is better than the 
actions start now rather than wait for the consequences and then act. (Strategy Unit 
2002).
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Figure 7 Waste Hierarchy
UK’s waste strategy was revised in 2002 with the Strategy Unit’s report “Waste not, 
want not.” and currently it is open the revision period of the strategy to keep it in track 
with new changes and challenges (i.e. increase of prices in fossil fuels). A tracing 
mechanism is in place for monitoring and evaluation and Best Value Indicators (BVI) 
are set to help in the fine-tuning and for assessing the compliance with the objectives 
of the waste strategy. The Waste Strategy 2000, Vol. II (DETR 2000c) defines BVI that 
include tonnage of waste arisings, costs, social indicators and availability of the 
services.
The EU has issued some guidance (European Topic Centre on Waste and Material 
Flows 2003) and influenced the state members on waste management and similarly 
has done the UK. DETR has published a guide on municipal waste management 
strategies (DETR 2001) distilled from the European guidance and legislation. The UK 
has had a coherent strategy since five years that has tuning and feedback 
mechanisms and that is expected to provide a stable framework to be fruitful in the 
near future.
The waste strategy that is implemented in the UK is based on the waste hierarchy 
(Figure 7). It tries to promote actions at the top of the pyramid and progressively pay 
less attention to strategies at the bottom of the pyramid.
The current paradigm relies on landfill with no attention paid to the reduce, reuse and 
recycling steps in the hierarchy hence some time is needed to shift the actual 
paradigm of a wasteful and unsustainable society into the new way of thinking 
reflected by the waste hierarchy.
Nevertheless, the pyramid is not exempt from some critics. The major of these is that 
being a hierarchy does not allow for exceptions. In some cases, based on life cycle 
analysis, it might be better to have an EfW strategy than encourages recycling, but 
that is not allowed by the pyramid. These critics have been reflected in the analysis of 
the EU policy framework (European Commission 2005b) and recognised that the 
waste hierarchy should not be taken as a “hard and fast rule” due to different waste
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management options having different environmental impacts depending on many 
factors thus being very difficult to generalise.
To minimise the environmental impact of waste, ED policy is based on the concept of 
the waste hierarchy. Ideally, Waste should be prevented, and where this is not 
possible, it should be reused, recycled or recovered and landfill should be avoided. 
The EU legal framework has been designed to deliver this strategy. The framework 
includes horizontal legislation like the Waste Framework Directive (European 
Commission 1976), the Hazardous Waste Directive (European Commission 1991) and 
the cumulous of Waste Shipment Regulations. It also includes treatment specific 
controls as the Landfill Directive (European Commission 1999) and the Waste 
Incineration Directive (European Commission 2000b) and finally, the waste stream 
specific management policies like the Recycling Directives, and the legislation on 
Waste Oils. Despite all these, too much waste is being landfilled. (Denton Wilde Sapte 
2006)
The European legislation is trying to drift away from the traditional waste management 
strategy based on landfilling as required by the Landfill Directive (European 
Commission 1999) that sets targets to reduce the amount of organic waste that goes 
to landfill progressively down to a 35% of 1995 levels by 2030. The directive also bans 
certain waste streams to be andfilled (e.g. tyres, hazardous wastes, etc.). Several 
other methods exist for dealing with waste, either technological or managerial 
solutions that are better than landfilling in many grounds: environment, economic, 
resource efficiency, etc.
Management of MSW
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Figure 8. Methods and total arising of MSW in England. Municipal Waste Management Survey 2003/04 (DEFRA 2005a)
One of the waste types more relevant from an EfW point of view is municipal solid 
waste (MSW). It is not the most important in terms of quantity, hazardousness or
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volume, but most of the waste policies pay a lot of attention to it. Figure 8 shows 
England’s MSW trends and figures. A deep analysis reveals that year 2003/04 was the 
first one of the series where the amount of total waste decreases. At the same time, it 
is obvious that landfilling is the most used option because it was cheap in the past 
though it figures are diminishing pushed by the following factors:
• Landfill tax
• EU landfill directive (European Commission 1999)
• Scarcity of landfill sites
• Kyoto protocol (UNFCCC 1997) and the reduction of GHG emissions (landfill 
produces methane)
The second method in importance is recycling and composting and the third one is 
incineration with energy recovery. In 2003/04, the figures and percentages are as 
follow:
Method ‘000 tonnes Percentage
Landfill 20,936 71.9%
Incineration with EfW 2,596 8.9%
Incineration without 
EfW
8 0.0%
Refuse Derived Fuel 
(RDF) manufacture 12 0.0%
Recycled/composted 5,528 19.0%
other 26 0.1%
Total 29,105 100.0%
Table 1 Methods and arising of MSW in England 2003-04. Municipal Waste Management Survey 2003/04 (DEFRA
2005a)
This situation compares with other European countries where landfill is the option 
used the less being either incineration and recycling/composting the preferred 
options. In the UK, because of the reliance on landfill and the associated taxes and 
collections schemes, no other technologies have rooted themselves in the market. 
This is also reflected by the expenditure on waste management well below the 
European average. (Strategy Unit 2002)
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Waste management in Europe
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Figure 9. Waste management in Europe. Source creative policy packages for waste: lessons for the UK. (Green
Alliance 2002)
Despite the phenomenal effort that has been put into diverting waste from landfills, the 
absolute amount of waste to landfill in the ED have not dropped because of the steady 
increase (around 3%) in the amount of waste generated (European Commission 
2005b). The picture for recycling and composting is more positive: the figure nearly 
doubled between 1995 and 2003 to reach 82.3 million tonnes. Incineration, that is one 
of the EfW technologies, is slowly increasing and in 2003 about eight Mtoe of energy 
were generated by this technique. In the manufacturing waste category several EU-15 
Member States, report high rates of recovery and recycling, with landfill rates close to 
10%. In the EU-10, this waste is mostly landfilled. (European Commission 2005a p 7)
Not only countries have waste management strategic plans, also cities like London 
(GLA 2003), set their own policies based on gathered facts^ (waste quantity and type, 
number of waste handling facilities, civic amenities, landfills, EfW plants, etc.). These 
local strategies are based on national ones, which similarly are based on European 
guidance.
On an international level, it is also relevant the way that waste management is treated 
because problems are completely different in the developed world than in the 
developing world.
There are some mechanisms in the EU economies, in particular in the UK, devised in 
order to assure that the market is in line with the waste hierarchy. They are not part of 
the management part of the waste strategy, but as they influence the economics of
 ^www.capitalwastefacs.com
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waste, should be taken into account for making decisions. For example, the “Landfill 
Tax” is the tax paid to dispose a tonne of waste in landfill and it is toped up with the 
gate fee that the landfill manager company charges for running the site. The landfill tax 
seeks to make the landfilling option uneconomical so that the other options in the 
waste hierarchy are more attractive. It is even mentioned in the UK waste strategy that 
a tax on incineration could be possible and though not yet implemented
Finally, the waste management strategy has to be made true and in order to do that, 
financial backup and involvement of the stakeholders is highly required. On the other 
hand, some of the problems that the implementation of a waste management strategy 
is likely to face are:
• Responsibility of waste management is split between different bodies and 
authorities
• Obtaining planning permission is difficult and time consuming
2.5 Construction and building services sectors.
This is the final topic required to investigate to give an overview of the most relevant 
subjects for this EngD .
Building services can be defined as the elements required by a building to provide its 
users/occupants with the required comfort levels and cover their needs. Some 
examples of these systems are electricity, heating, cooling, water, ventilation, lifts, 
public health, voice and data networks, etc. In commercial buildings, building services 
typically account for 30-40% of total construction costs (CIBSE 2006).
The building services sector has already been mentioned as one of the most important 
energy consumers. It is one the industry sectors that consumes more resources, 
generates more waste and that is less sustainable as reflected by two reports, one to 
the European Commission on the construction and demolition waste in the EU 
(Symonds Group Ltd. 1999) and the second one by Zimmermann (Zimmermann et al. 
2005). The construction sector misuses mainly materials during the building phase 
and mainly energy during the operating phase due to poor design. At the same time, 
construction waste is one of the biggest contributors to landfill (Tom Wooley 2002). In 
fact environmentally conscious buildings still tend to be noted as exceptions rather 
than the commonplace (Ball 2002). The size of the construction, building materials and 
associated professional services together account for some 10% of the UK’s GDP 
and provide employment for around 1.5 million people (DETR 2000a).
Insisting in the energy consumption, and bearing in mind the associated 002 
emissions from the building services sector, the Digests of the UK Energy Statistics 
2005 (DTI 2005a) reflects a domestic consumption of 115,526 GWh of electricity 
equivalent to a 33.97% of the total being the second biggest consuming sector behind 
the industrial sector with a 34.45%. On the 002 emissions. In 2002, domestic users 
accounted for around 24% of the UK's total greenhouse gas emissions that total 177
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Million tonnes and 27% of COg emissions i.e. 147 Million tonnes (Source: (DEFRA 
2006)
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Figure 10. End user greenhouse gas emissions as percentages of UK national total. Source: (DEFRA 2004 Figure 2)
Subsequently a reduction of the energy consumption on the domestic sector will 
make a major impact on the UK’s energy consumption figures. Energy consumption in 
the domestic sector can be reduced in at least two manners. The first one is with 
better building standards and specifications. This needs to be addressed by the 
relevant Government department and professional bodies, but a major step has been 
the recently issued Part L of the building regulations. The second way of reducing the 
energy consumption is with more efficient mechanisms of producing energy as well as 
with better control systems. EfW can play an important role, and this EngD will 
evaluate the possibilities of incorporating EfW into the building services. For example, 
EfW powered district heating schemas will provide a distributed service that will 
benefit from scale benefits, reduction in energy transmission losses apart from 
enjoying the benefits of not having to transport waste to a disposal site.
Energy efficiency measures for the building sector can be differentiated if they are 
applied for the existing house stock or are intended for the new house stock. For the 
first ones, measures like efficient lightning, better insulation, low transmission 
coefficient glazing are more appropriate, however, for the new house stock 
demanding more efficient energy design is the right way to reduce energy 
consumption and C02 emissions.
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3 Introduction to EfW_____________________________
EfW is a group of technologies that are devised to extract energy from waste. In order 
to do it, different treatments are used: mechanical, chemical, thermal or a combination 
o succession of them.
Many of the EfW technologies are not on the edge of the technology because they 
had been used since ancient times (e.g. composting) though some of them are state 
of the art pieces of technology (e.g. plasma arc). Nevertheless, these technologies are 
constantly evolving and being enhanced to accommodate for new and more stringent 
regulations and demands. Different technologies can be used to process the same 
waste hence a careful analysis of the benefits and disadvantages of each one is 
needed.
Despite all the possible benefits outlined along this document and recognised in the 
scientific literature, there are also some opposition to EfW as demonstrated by Friends 
of the Earth (FoE 2002) and Greenpeace (Greenpeace) reports. The opposition is not 
to EfW technologies as a whole, it is mainly to incineration and to the fact that EfW is 
seen as a competitor to other waste management alternatives rather than as a 
complement and to the potential noxious emissions. EfW plant operators need a 
streamlined, good quality, reliable and cheap supply fuel for enough time to recover 
the capital invested in the plant but with EfW technologies, the fuel is waste and 
ensuring a constant “waste supply” seems a contradiction to other waste 
management strategies.
The following quote from the National Society for Clean Air and Environmental 
Protection (NSCA) reflects this situation:
“However some environmental groups oppose incineration in principle as part 
of broader campaigns to promote more demanding recycling targets, or 
encourage support for renewable energy."(NSCA 2001 p 2)
It has already been mentioned that the involvement and support of the stakeholders is 
necessary for a successful waste management strategy and EfW can be part of it. 
Some work (Strategy Unit 2002; Kurian 2005) has done in the identification of the 
relevant stakeholders:
Central government.
Local authorities 
Environmental regulators 
Media
Financial institutions 
Producers and retailers 
Waste industry 
Householders
Non-governmental organizations and the oommunity sector.
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In the following sections, an analysis of the legislation that affects EfW technologies 
and building services and a description of the processes are given
4 L e g i s l a t i o n _______________________________
The applicable legislation to EfW comes mainly from the EU and is composed of 
waste and energy/power legislation. On top of these, some specific pieces of 
legislation that regulate specific aspects, for example waste incineration, are also 
applicable. The compendium of applicable legislation comprises EU Directives, as well 
as UK Acts and Statutory Instruments (SI).
EfW legislation lies inside the waste strategy, energy and sustainable development 
frameworks. The UK as a State Member of the EU must comply with European 
legislation and has to transpose and enforce it into England, Wales, Scotland and 
North Ireland.
The EU's legislation applicable to EfW faces three problems:
• It needs to be inside a stable framework at all levels (EU, UK and local) to be 
useful i.e. cannot change constantly. Many of the investments and decisions
imply long-term commitments that could not be made in a changing
framework.
• Stakeholders’ commitment should be backed up with a funding strategy to 
encourage the acceptance of the suggested measures.
• Law enforcement needs to be pursued by specialist bodies and mechanisms. 
The EU has no competence for enforcing the directives in the Member States, 
and so it relies on the States Members willingness and responsibility. If the 
legislation is just transformed in an Act but no effort is put into assuring
stakeholders abide it no results will be obtained.
Yet another problem is the lack of enforcing actions despite the correct transposition 
of Community law into national laws and regulations. EU legislation needs to be 
transposed to national level, and waste legislation, like much other environmental 
legislation, has long suffered from poor implementation mainly because waste had a 
low political priority in much of the EU because the candid ‘out of sight, out of mind’ 
principle often applied (European Commission 2005a).
In the UK, the first two factors are in place with a stable, though becoming stricter, 
legislative framework backed up by some funding (e.g. Business Resource Efficiency 
& Waste or BREW programme. Waste and Resources Action Programme or WRAP, 
Waste Implementation Procedure or WIP, etc.). Funding comes from environmental 
taxes and is invested in waste reducing measures, plans to encourage manufacturers 
to make their products more recyclable, etc.
Despite the legislative framework being relatively stable, a review of the ongoing 
process is also necessary to assure proposed actions are on track, the measures are 
correctly applied and that the pretended objectives are closer to be achieved. In the
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UK, a revision process is currently being done with a waste strategy consultation that 
will close on May 2006 (Waste Strategy Review Team 2006).
The report “The story behind the strategy. EU waste policy.” (European Commission 
2005a) describes EU’s policy built up process and the successive steps to reach its 
actual status. It also refers that European waste management legislation has two 
approaches; the first one is comprised by the so-called horizontal legislation and the 
second by some more specific pieces of legislation with focus on specific waste 
streams (e.g. end-of-life vehicles, electric and electronics equipment, etc.) (European 
Commission 2005b).
EU waste legislation was launched in order to prevent major environmental problems 
like the Seveso disaster.
“The Member States started realizing with some scandals like the Seveso 
scandal about the problems of waste and began taking national measures to 
control and manage waste, which then led to the Waste Framework Directive 
and the Flazardous Waste Directive, both adopted in 1975, and later to the 
Waste Shipment Regulation. These three pieces of legislation put in place the 
basis of the regulatory structure on waste.” (European Commission 2005a p 8)
The Waste Framework Directive (European Commission 1976) 75/442/EEC is 
amended by the Council Directive 91/156/EEC and rules European waste 
management activities. The Hazardous Waste Directive (European Commission 1991) 
91/689/EEC deals with the so-called hazardous wastes (according to Annex III of the 
Waste Framework Directive) and the Waste Shipment Regulation it is not a single 
piece of legislation but a compendium of directives and amendments and legislates on 
the movement of wastes.
These three pillars were not enough because they covered only the waste 
management options that were oonsidered acceptable at the time: landfill incineration 
and recycling and even for these they did not set any limits to emissions. Again, some 
more problems were needed to further develop the legislation and cover some gaps. 
Most of them were filled by the Landfill Directive (European Commission 1999) 
99/31/EC, finally adopted in 2001, and by the Waste Incineration Directive 2000/76/EC 
(European Commission 2000b) and its precursor legislation. These regulations finally 
set standards for pollution into the air or into groundwater.
In 1987, the Brundtland Report (Brundtland 1987), considered the starting point for a 
sustainable development (SD) paradigm, was published. The report, originally named 
“Our Common future”, was commissioned by the World Commission on Environment 
and Development and since its publication it has evolved and influenced our way of 
life, though, probably, not as much as it should. SD does not only cover the present, 
but more important even, the future aspects of economy, environment and society 
that are the three vertices of any SD strategy. Since its publication, some of its 
concepts have been embedded in the legislation and modern society thinking. One of 
these examples is the Integrated Pollution Prevention and Control (IPPC) Directive
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(European Commission 1996) that was elaborated in 1996. It introduces a permit 
system to tackle pollution from industrial and agricultural facilities and sets standards 
for a number of waste-related activities, as well as for plants where waste can be 
used, such as cement kilns. IPPC directive defines the interesting concept of Best 
Available Technologies (BAT) on its Article 2 as the base for granting operation 
permits, though an indulgence delay is also granted to permit progressive 
incorporation of old facilities.
The next major step required in the evolution of the waste legislation was to help 
improve the management of waste and in particular to promote recycling, re-use and 
energy recovery over waste disposal. This meant the creation of the waste 
management hierarchy that is a very important part of the waste framework and future 
legislation was based on it. The 1996 Waste Strategy Communication from the 
European Commission (EU Secretariat General 1996) insisted on the next points:
• Reinforced the notion of a waste hierarchy; this was reinforced again at the 
World Summit on Sustainable Development (Johannesburg, September
2002)
• Reaffirmed the “polluter pays” principle with regard to waste so that those 
who produce waste should have to pay the associated clean and treatment 
costs. This principle is based on other two key principles: producer 
responsibility and precautionary principle.
• Developed the concept of priority waste streams. The waste streams and 
classification led to specific directives for on concrete types of waste 
(electric and electronic equipment, vehicles, etc.)
Figure 11 reflects EU legislation evolution from the original status to a more 
streamlined one. Framework directives are shown together with specific directives for 
the waste treatment options and directives applicable for specific types of waste are 
shown as well. Some of the directives have disappeared by being integrated/amended 
into more uniform directives to give a more homogeneous approach to the whole 
strategy.
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Figure 11. Future waste prevention and recycling strategy. (European Commission 2005a)
In these last years, ELI members have realised that evolution rather than revolution is 
required, seizing the opportunity to adapt waste policy to new knowledge and new 
conditions. This is reflected in the European Commission Report “The story behind the 
strategy. ELI waste policy” that states that the outstanding issues to be tackled by 
future EL) legislation are (European Commission 2005a; 2005b):
Past EL) legislation addressed very visible and sometimes acute problems 
requiring only limited amounts of information. However, this is no longer the 
case as the EL) is seeking to develop waste policies that help to reduce the 
negative environmental impacts of resource use.
There is a clear need to step up efforts to combat the increase in waste 
generation. As we cannot tackle all wastes at once, and given that all wastes 
are not equally polluting, policies need to be developed that address the 
wastes with higher environmental impacts.
Recycling rates are improving and increasing amounts of energy are recovered 
from waste; however, the amount of recyclable or energy-rich materials that 
are landfilled or burned in low energy-efficiency facilities is still high and not 
decreasing. For example, paper and plastic amounts being landfilled have 
increased despite decreased figures in landfilling hence a better management 
solution is needed. There is a need for European standards on recycling to 
create a Europe-wide market of recycled materials. A special emphasis is 
needed for biowaste on this topic.
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• When waste ceases to be waste. This point is still unclear and is open to 
interpretation by the Members and that affects negatively business and 
markets. For example biogas produced in EfW facilities from waste, it is also 
considered waste and not a fuel to be sold. Should this biogas not be used by 
the producer, the final user would need a waste handling license and that is a 
big obstacle for the commercialisation of biogas as fuel.
• The existing legislation needs to be simplified, implemented and enforced in 
full.
• Introduction of life cycle thinking into waste strategy and policy. 
Implementation of this point will involve designers, manufacturers and final 
users into an integrated product perception that will minimise waste and will 
lead our society into a sustainable development.
EU directives transposition process leads to newly generated legislation in the 
Member States. For example, some of the relevant directives on EfW are:
• Integrated Pollution Prevention and Control Directive (96/61/EC). In the UK, 
IPPC Directive is implemented through the Pollution Prevention and Control 
(England and Wales) Regulations (SI 2000, No. 1973) as amended, and 
similarly titled instruments for Scotland and for Northern Ireland. Under IPPC, a 
new Local Air Pollution Prevention and Control regime has been introduced.
• Waste Incineration Directive (2000/76/EC). WID was agreed by the European 
Parliament and the Council on December 2000. It goes beyond the 
requirements of the 1989 Municipal Waste Incineration Directives (89/429/EEC 
and 89/369/EEC). To increase legal clarity and enforceability, WID also 
incorporates the Hazardous Waste Incineration Directive (94/67/EC) forming a 
single text on waste incineration. WID will repeal these three Directives from 
December 2005 and it should have been transposed into each Member State's 
national legislation by 28 December 2002. In order to ease the implementation, 
the EU has issued some guidance documents that can be found in the web^. 
WID covers, but makes clear distinctions, waste and co-incineration plants and 
this is extremely relevant for EfW because it marks a clear distinction between 
the “traditional” power plants and the EfW plants that are subject to far more 
stringent requirements under the WID. In the UK, WID is implemented through 
the Waste Incineration (England and Wales) Regulations (SI 2002, No. 2980), 
and through related Directions. Similar 2003 Regulations and Directions for 
Scotland and for Northern Ireland are being introduced.
• Landfill Directive (1999/31/EC). This directive establishes targets for reducing 
the organic fraction of waste going to landfill. The rationale behind that is that 
organic waste is active and generates methane that is a powerful greenhouse 
gas. In order to achieve these targets new technologies and mechanisms 
should be put in place and EfW might be one of these mechanisms.
Back in the mid 1970s, specific waste legislation was created for the first time in the 
UK. The Environmental Act 1990 (UK Parliament 1990) is applicable to waste issues.
http://europa.eu.int/comm/environment/wasteinc/index.htm
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Part I deals mainly with integrated pollution and air pollution control by local 
authorities, authorisations, enforcement and offences. In Part II, the central topic is 
waste on land, so the main sections are waste duty of care, licenses, collection, 
disposal and treatment. Part III deals with clean air and from Part IV, it deals with more 
specific topics: radioactive waste, genetically modified organisms, etc.
It was mentioned previously that energy legislation was applicable to EfW and one of 
the regulations that might affect EfW is the Large Combustion Plant Directive 
(2001/80/EC). Looking ahead to 2008, the Large Combustion Plant Directive will 
reduce the amount of sulphur dioxide (S02), oxides of nitrogen (NOx) and particulate 
matter emitted from combustion plants.
Another of the pieces of legislation that is relevant for the building services part of the 
EngD is the Energy Performance in Buildings directive (European Commission 2002) 
(2002/91/EC) which aims to reduce C02 emissions and energy consumption in 
buildings. It has been implemented in the UK through the new Part L of the Building 
Regulations (ODPM 2006) that will come into force the 6th of April 2006.
5 Technologies__________________________________
This section investigates the different technologies that fall under the generic name of 
EfW. The characterization of each of them will consist of a brief description and the 
type of waste that is suitable to be treated by them. It is planned that during the next 
six months the main area of research will be EfW technologies. They will be described, 
classified, analysed, etc. so only a succinct description of each technology will be 
produced in this literature review.
EfW technologies can be classified in groups based on what type of treatment they 
mainly consist of:
• Biological, some parts of Mechanical Biological Treatment (MBT) and both 
types of digestion processes;
• Thermal which includes all the Advanced Thermal Treatment (ATT) options e.g. 
gasification, pyrolysis, etc.
A general review of EfW technologies has been carried out by Dr Stuart McLanaghan 
for the Strategic Unit (McLanaghan 2002). His report analysed diverse waste 
management technologies and included some of the EfW technologies mentioned in 
this literature review. The Institute for Prospective Technological Studies has also 
produced a report in 2005 on waste incineration technologies (Institute for Prospective 
Technological Studies 2005) as part of their duty under the IPPC Directive (96/61/EC) 
to produce reference documents on the Best Available Technologies for different 
processes. Finally, the Strategy Unit in Annex G of their document “Waste not. Want 
not” has produced a list on key aspects in various fields under which different types of 
technologies (e.g. renewables, EfW, etc.) have to be scrutinised (Strategy Unit 2002 
Annex G):
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• Legislation
o Is the technology eligible for Renewable Obligation Certificates? 
o How is affected by existing and forthcoming ED Directives; 
o Can it contribute to achieve Best Value Performance indicators?
• Economics
o What are the estimated capital costs, gate fees and possible revenues 
from secondary products? 
o What are the environmental/health impacts of the technology? 
o Where does it fit in the Waste Hierarchy? 
o Are the known impacts properly evaluated and understood?
• Availability
o Has the technology a record of accomplishment i.e. is it considered 
‘proven’?
• Technical requirements
o What are the requisites (e.g. sitting and transportation) for the 
technology itself?
o What are the requisites of the feedstock (e.g. size, calorific value, etc.)?
Finally, it has to be remembered that technology requires operators, technicians and 
other associated staff to run it. Technology evolution will require a shift on the skills 
and composition of the UK workforce as reflected in the document “Skills intelligence 
for Waste Autumn 2005” (Energy and Utility Skills Ltd. 2005) where the workforce 
evolution trends are discussed. According to the report, the drivers for change in the 
sector will be:
• Compliance with EU directives, UK legislation and authorisations
• Introduction of new technology
• Integrated processing solutions
These factors are changing and so will be the waste management and EfW sectors in 
the future.
5.1.1 Landfill
Landfilling per se is not strictly an EfW technology; however, it is in this report 
because of two reasons, it has been the predominant waste disposal method in the 
UK waste management strategy and the organic mater dumped to landfill produces 
the so-called landfill gas that could be collected and used as fuel.
Landfilling is the oldest way of dealing with waste and it is still the last resort for 
disposing waste that is not a resource to anyone. Landfill disposal consists of 
dumping waste into controlled sites organised in cells. Each cell has a lining cover to 
prevent leachate to escape and after being filled, it is covered with a layer of material 
to protect the content from weather. Current landfill sites have systems to control any 
emission and weighting systems at the entrance to accurate know the mass balance 
of the site.
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Landfill technologies have evolved and landfilling is now a highly regulated activity. 
Originally, landfilling consisted of throwing away waste in a nearby place without 
supervision and no applicable regulation but currently it is a very well regulated 
activity. The objective of a sustainable landfill is: “The safe disposal of waste and its 
subsequent degradation until it becomes inert in the shortest possible life span, by the 
most financially efficient method available and with minimal damage to the 
environment.” (Allen 2001).
Landfill inputs site are diverse, MSW, tyres, inert material (e.g. demolition and quarry 
waste), green waste, ashes, etc. Almost anything but hazardous and radioactive 
material can go to landfill. There are problems associated with landfill gaseous 
emissions (e.g. methane) or runoffs (e.g. leachate). The organic material that is 
dumped to landfill could undergo an anaerobic digestion process producing methane 
that if not collected will contribute to the enhanced greenhouse effect. It is 
acknowledged that from each average tonne of waste disposed to landfill in the UK, 
81% by volume of the gaseous emissions are released to the atmosphere, 13% are 
flared, and 6% are used in landfill gas generating schemes (indirect reference of 
Williams (1994) from (Craighill et al. 1995)). Leachate is the liqueur that is formed by 
water distilling through the landfill cell and that usually contains a highly nasty mix of 
heavy metals and toxic organic compounds. If leachate filters into a nearby aquifer, it 
will be polluted. In order to avoid these negative effects, the landfill gas could be 
collected and burn with a lower increase in the enhanced greenhouse effect and the 
leachate should be collected and treated to prevent water contamination.
The commercial status of properly managed landfills is proven and they will be, at 
least in the short term, one of the most cheap waste management alternatives; 
however, this situation is expected to change. In the UK, landfilling has proved to be 
very cost effective due to the relative abundance of places like old mines, quarries, 
etc. However, and this problem is not restricted only to the UK, landfill sites are 
becoming scarce. Operator companies are going to be competing in a very stringently 
regulated activity and with a decreasing number of facilities to use so it their costs are 
expected to increase. At the same time, taxes applied to landfilling (e.g. the landfill tax 
in the UK) are also increasing pushed by the Government that wants to drive the 
market towards conformity with the Landfill Directive (European Commission 1999). 
This two increasing costs will make landfill uncompetitive in the medium term with 
other waste management alternatives although controlled dumping of the final 
residues of any process that could not be further reengineered, reused, recycled, etc. 
will always be necessary.
5.1.2 MBT
MBT stands for Mechanical Biological Treatment. “MBT it is not a single technology 
not a complete solution.” (Juniper Consultancy Services Ltd. 2005 p 11). This 
statement clearly puts in context what MBT is; it is part of a general waste 
management strategy and it is not a solution on itself. MBT is usually a pre or post 
treatment phase in a more holistic process and, as such, integrated with other plants
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and facilities. MBT processes consist of any standalone or mix or some of the 
following: mechanical/magnetic separation, shredding, filtration, flotation, screening, 
refining, digestion (aerobic or anaerobic), percolation, drying, hydrolysis, etc.
MBT treatments are adapted to achieve one of the following objectives (Juniper 
Consultancy Services Ltd. 2005):
• Use in compost applications;
• Focus on producing biogas;
• Send to landfill;
• Use in solid fuel applications.
MBT’s inputs are varied; they can range from unsorted MSW containing a mix of 
organic, metals, glass, plastic, paper and cardboard, or any of these streams 
separately. The outputs are usually product streams with a much more homogeneous 
content and with added value e.g. the recyclable metals, refused derived fuel (RDF), 
etc.
RDF is the name given to the combustible part of raw waste that is separated for 
burning as a fuel and with typical heating values of 12 -  16 MJ/kg, however the 
product is considered relatively expensive (Mansoor ef a/. 1999).
MBT technologies have been proved for many years (more than ten according to 
Juniper) so MBT can be considered well developed and at fully commercial level. 
Nevertheless, there is not a uniform experience on MBT across Europe having Spain, 
Italy and Germany the most substantial experiences, far away from the UK. MBT 
plants have been built at small and large scale, but not yet at an scale comparable to 
large incineration facilities (Juniper Consultancy Services Ltd. 2005).
5.1.3 Advanced Thermal Treatment
Most of these ATT techniques are not used as a stand-alone plant, they are usually 
combined to optimise the treatment of waste and provide more flexibility in the 
desired outputs.
ATT methods use relatively dirty (i.e. that contains traces of sulphur, nitrogen, chlorine, 
heavy metals, etc.) fuel, operate at high temperature and release combustion gases 
through a stack flue; these conditions are likely to produce pollutants. In order to 
prevent these pollutants to affect the ecosystem in any way, ATT processes are 
usually followed by clean up mechanisms (e.g. scrubbers, precipitators, additional 
burners, catalytic converters, etc.) so that the emissions comply with the WID directive 
(European Commission 2000b). A detailed study on the different types of fuel from 
MSW and their combustion properties have been produced by Lars Sorum (2001) for 
the International Energy Agency bioenergy Task 36. This report would be of great 
interest when choosing the most appropriate waste management solution and/or 
thermal treatment for a given type of waste.
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5.1.3.1 Gasification
This technology is not considered an emerging technology in the EfW field, however, it 
has a short record of overall throughput and working hours that reflects its relative 
recentness (Institute for Prospective Technological Studies 2005). It was first applied 
to waste in the late 1970s when the concern of dioxins produced by incineration was 
booming and gasification was thought to produce less dioxins (Biffa 2003).
Gasification is a generic name for a group of thermal treatment of any matter. It 
consists of the partial oxidation of carbonaceous (i.e. organic) material through 
combustion at high temperatures, about 1000 °G, and usually high pressures, forming 
a gas composed mainly by carbon dioxide, carbon monoxide, hydrogen, water vapour 
and methane and optimised to minimise liquid and solid residues. This process differs 
from incineration because the amount of oxidant, either air or oxygen, is controlled so 
that the mix with the fuel is under-stoichiometric i.e. there is less oxidant than required 
for full oxidation. Gasification processes may not be intended solely for the 
recuperation of the waste energy content but for recovering or creating some 
chemical compounds that could be used later (e.g. syngas) either as fuel or as 
feedstock. Gasification produces fewer amounts of flue gases because there is no 
excess oxidant and therefore, more GO and fewer G02 is produced (Mansoor et al. 
1999; Institute for Prospective Technological Studies 2005).
At the same time that gasification or pyrolysis occurs, if there is any water presence 
(e.g. the moisture content of waste) a hydrolytic process takes place. This process, 
known as hydrolysis, consists of the thermal cracking of substances by high 
temperature water or steam; this process could also be a stand-alone process in 
sludge preparation prior to be fed to an anaerobic digester. It is also a very good 
sterilising mechanism for the digestate or any other slurry-type matter thanks to its 
high efficiency in breaking complex organic molecules (Biffa 2003).
Almost any organic matter (e.g. coal, lignite, wood and waste) can be gasified. 
Existing EfW installations are fed with MSW, hazardous waste, etc. Nevertheless, the 
physical conditions of the waste (e.g. size, consistency, moist, etc.) have to be 
consistent to a certain extent requiring the fuel to be pre-treated prior to be fed to the 
gasification unit.
Gasification outputs are mainly the syngas which virtually contains all the energy of 
the original waste fuel (Biffa 2003), but there is also residue that contains the inorganic 
matter of the fuel that has melt into a vitrified slag. That slag, if deemed non-toxic or 
hazardous, could be used crushed as an aggregate.
There are various types of techniques generically named gasification, some of them 
are updraught, downdraught, bubbling fluidised bed, circulating fluidised bed and 
rotary kiln reactors. There is also a differentiation on the grounds of the gasification 
agent: air, oxygen or steam each of them producing a syngas with higher calorific 
value than the previous (Biffa 2003).
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5.1.3.2 Pyrolysis
Pyrolysis has a probably even shorter record of overall throughput and working hours 
than gasification, so it can be considered a newer technology, but It is not emerging 
either (Institute for Prospective Technological Studies 2005). Pyrolysis is also known 
as cracking or thermolysis.
Pyrolysis is the thermal treatment of any organic material to gaseous, liquid and solid 
fractions by heat in the absence of oxygen. The pyrolysis generic name is applied to 
various similar processes in which this thermal degradation occurs at temperatures 
between 200 and 900 “C hence much lower than gasification. Another major difference 
with gasification is that the process is endothermie i.e. requires external energy to be 
maintained whereas gasification is exothermic and releases energy.
Pyrolysis processes accept almost any type of waste with organic fraction, but that 
complies with certain standards of size, consistence, moist, etc. Pyrolysis plants 
usually have a fuel treatment area to prepare it to the required standards.
The pyrolysis product is a gas with calorific value around 5 to 15 MJ/m3 that is lower 
than the original waste that was fed to the process. Pyrolysis by-products are oils, tars 
and a solid burned residues, from the output streams of the pyrolysis reactor valuable 
metals or chemicals could be recovered making the process economically viable. 
Some of the pyrolysis by-products could be used as fuels and the ratio between them 
depends upon the particular pyrolysis process used (Mansoor et al. 1999; Institute for 
Prospective Technological Studies 2005). In general, “fast” pyrolysis tend to produce 
more liquid and “slower” process produce more char. The concepts “fast” and “slow” 
refer to the time the fuel is exposed to high temperatures. Energy recovery in the 
pyrolysis process could be considered a secondary objective because of the poor 
energy balance due to the endothermie reaction however.
The various types of pyrolysis reactors are packed beds, fluidised beds or rotary kilns
5.1.3.3 Incineration
Incineration is another way of naming mass burning. It is carried out in plants whose 
input is usually unsorted waste hence the “mass burning” name. Combustion of the 
fuel happens with an excess of oxidant thus in the flue gases there is always oxygen 
present.
This technology is very well proven and it has been commercialised from small to 
huge large plant scale. In 2005, there were 19 installation of MSW incineration in the 
UK. Incineration plants accept many types of fuels from coal to waste, nevertheless, 
depending on the type of fuel the process can be tuned and stages (e.g. cleaning 
processes) added or removed.
Incineration outputs are hot flue gases that can be used to raise steam but with no 
calorific value, because they cannot be further oxidised. Flue gases are composed by 
C02, nitrogen, the excess oxygen that has not be used and traces of other chemical 
compounds and/or heavy metals. These compounds may be corrosive (SOx and NOx)
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or noxious dioxins, furans, etc. Heavy metals are not formed in the combustion, but 
are freed during the incineration process from the waste where they were locked.
Other process outputs are fly and bottom ash depending on where it is collected; fly 
ash is collected by cyclones out of the flue stack and bottom ash is quenched at the 
end of the grate in grate furnaces, or at the bottom of the combustion chamber in 
other types of incinerators.
When mass incineration is used as a waste disposal method to minimise waste 
volume to landfill, it manages a reduction of 75% in weight and a 90% in volume of 
the waste fed. The second purpose that mass incineration is devised for is energy 
production. In this ground, incineration is not such effective as in minimising waste 
volume; the energy content of the waste fuel is lost in various points of the process 
until it is delivered as electric energy. The major losses are because of the required 
excess air and the limited efficiency (in theory and even more in practice) of the 
Rankine cycle to produce steam. The overall efficiency of the system could be around 
25% (Biffa 2003).
Similarly to other EfW technologies, there is not a single process that is called 
incineration but a great variety of them. Some examples of them are grate furnaces, 
rotary kilns, fluidised bed, etc. (Biffa 2003). Different types of furnace are best suited 
for one type of waste or they are more efficient but they also have some drawbacks 
e.g. they require a more homogeneous type of waste, are more expensive, etc.
5.1.3.4 Plasma
This technology is not an incipient technology because the principles are well known 
and small plants are functioning in the world under this principle; however, operation 
of a plasma plant can be very complex and expensive so it is not widely used.
Plasma is a conductive mix of electrons, ions and neutral particles at high 
temperatures created by the Interaction of a gas with an electric or magnetic field. 
This interaction transforms the electromagnetic energy into heat that raises the 
temperature of the gas and encourages very fast chemical reactions. The process 
uses electricity to produce the electromagnetic fields so it is very energy intensive. 
High temperature breaks down most chemical compounds to their single components 
thus being a very effective way of getting rid of dioxins, furans and other highly toxic 
pollutants (Institute for Prospective Technological Studies 2005).
The outputs of the system are a gas that usually needs further clean up treatment and 
a vitrified slag. These products are not useful for the intended integration with building 
services so further study of this technology in the EngD is almost discarded.
5.1.4 Digestion
There are two digestion mechanisms, both carried out by microorganisms but in 
different conditions; anaerobic digestion is the transformation of organic matter in the 
absence of oxygen whereas the aerobic digestion, otherwise known as composting.
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consists of the decomposition of the organic matter by other species of 
microorganisms in the presence of air.
5.1.4.1 Anaerobic digestion
Anaerobic digestion (AD) processes are carried out by anaerobic microorganisms that 
transform complex organic matter into simple molecules (C02, methane, etc.) in the 
absence of oxygen. This transformation can occur naturally deep in landfills or 
marshes, but it can also happen in controlled and contained environments.
AD is one of the oldest technologies described in this chapter together with landfill. 
Initially, most of the AD installations were in farms and intended for the treatment of 
agricultural or animal waste although nowadays they have evolved into industrial size 
plants that deal also with industrial and municipal waste.
Waste fed to the microorganisms is pre-treated so that recyclable materials or non- 
organic materials are removed to obtain a more homogeneous and suitable product 
for the biochemical process. The solid fraction is then diluted to slurry that is 
introduced to the tank where the process takes place and that is known as digester.
AD processes could be classified under various criteria; depending on how the slurry 
is fed to the digester the AD process is said to operate in continuous or in batch mode 
and yet there is another classification depending on the solid content of the slurry: 
low, medium and high content. Regardless of these classifications, there are always 
three stages for the digestion to be completed: hydrolysis/liquefaction, acidogenesis 
and methanogenesis (Verma 2002).
The following operating parameters affect digestion rate, and they must be carefully 
understood and tuned (e.g. with heaters, addition of limestone, etc.) to enhance gas 
production.
• Temperature: during the whole biochemical transformation, the temperature of 
the digester must be maintained between 30 °C and 65 °C;
• The pH level: the microorganisms do not survive on extreme acid or basic 
conditions;
• The residence time is how long the slurry spends inside the digestor;
• The carbon to nitrogen ratio.
Digestor temperature is a critical parameter because it establishes which type of AD 
process is taking place. Depending on the digestate temperature, the digestion will be 
carried out by different types of bacteria i.e. mesophilic when the digestor temperature 
is between 30 and 37 “C and thermophilic where the temperature is between 55 and 
65 °C. Thermophilic bacteria digest the organic material faster and produce methane 
quicker than mesophilic ones, however, the temperature of the tank is higher and so 
the maintenance costs.
There are two main outputs from AD process, the first one is biogas composed mainly 
by methane and C02 and the second is called digestate. Once dried, the digestate
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can be used as soil fertilizer or inert filling material depending or the original nature of 
the waste forming the slurry (Verma 2002). All the nitrogen content of the original fed 
to the digestor is in the digestate hence making it a very good soil fertilizer (Biffa
2003).
AD processes are not suitable for waste with high content of lignocellulosic organic 
materials (e.g. cardboard, paper or wood) which are more suited for thermal treatment 
with energy recovery. Another very important consideration that affects AD processes 
is the presence of antibiotics in the fed. Microorganisms in the digestor will be killed 
by antibiotics therefore digestion will stop. AD plant operation, especially continuous 
process, must include periodic maintenance tasks for cleaning and sludge removal to 
minimise plant down time.
There might be additional benefits on waste processing apart from obtaining energy. 
Some of these are solids removal from slurries, offensive odour reduction, 
manipulation of nitrogen and phosphorus, manure stabilisation and pathogen 
reduction.
5.1.4.2 Aerobic digestion / composting
This technology is not strictly an EfW process because composting waste does not 
produce energy. On the other hand, composting is part of some complex treatments 
(e.g. MBT) and it is an alternative to landfill so it is investigated in this document.
Aerobic digestion is, like AD, classified as biological treatment of waste. Both are 
carried out by different types of microorganisms but the main difference is that 
aerobic digestion is done in presence of oxygen rather than in the absence of it.
Composting has been technology and commercially proved at all scales. It is so 
simple that can be done in a bin at the back your house or in technologically 
advanced plants optimised to maximise production of sellable compost.
There are two main techniques for composting organic waste. The first one is in open 
windrows where organic waste is exposed to air undergoing its progressive digestion 
by the bacteria; the other method is named “ in-vessel” where the organic waste is put 
into containers to be composted. The first method uses more space than the in-vessel 
but is usually cheaper.
When comparing AD and composting, capital costs of an AD plant are lower, but 
operational costs are higher, other difference is that aerobic digestion plants are 
simpler to operate and maintain. C02, or even methane if not properly aireated, is 
released by the microorganisms into the atmosphere and heat produced during the 
composting process is rarely recovered being the overall process energy consuming. 
A comparison of AD and aerobic digestion can be found in Fricke (2005). The 
mentioned points of digestion releasing C02 and using energy rather than producing it 
puts composting in a weaker position when compared with AD. Furthermore, if 
contaminated the final product would not be suitable for land spreading hence with no 
economic value although this can also happen to AD sludge.
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Suitable waste streams for composting are only organic because microorganisms just 
decompose organic mater, so pre and post treatment classification is usually done 
and some level or material recovery (e.g. glass, ferrous metals, etc.) is performed. The 
process lasts much longer than AD (e.g. 10 to 12 weeks) and the main product 
obtained is compost or a bio-stabilized product that can be used for refilling or RDF 
that could be sold to biomass facilities.
Composting has several environmental advantages over landfilling. In first place, when 
done properly composting generates no methane. This gas is produced by anaerobic 
degradation of wastes (for example, in a landfill), and has 21 times the greenhouse 
potential of 002. Additionally, the mature compost can be used as a soil conditioner 
and does not generate long-term environmental concerns. Finally, the aerobic 
degradation of organic compounds results in the “ storage”  of a small amount of 
carbon that is not degraded to 0 0 2 , but is transformed into slowly decomposable 
components.
5.2 Types of waste
The figures for the waste arisings in the UK are mentioned in paragraph 2.3 Waste but 
only some types of that total amount are suitable to use as fuels or imputes for EfW 
processes. Here is a break down of the classification of waste based on the source:
Household 
Commercial 
Industrial 
Agricultural
Construction and demolition waste 
Mines and quarries
In addition, a more detailed analysis of the suitability of specific types of waste to be 
used as fuels in EfW processes is presented here:
• Household. MSW is mainly composed by household refuse. The recycling 
schemas divert some of the waste into other streams. Defra, together with the 
Chartered Institution of Wastes Management (CIWM) has established the 
“WasteDataflow^” project. It will provide a web-based intranet and central 
database for the provision of quarterly data on municipal waste. The scheme is 
supported by funding from Biffaward, a programme established by Biffa Waste 
Services. The waste strategy for the UK focuses on this waste stream despite 
it is not the most important in quantity. This strategy, one of the work streams 
under the Government’s Waste Implementation Programme (WIP see above 
reference), was welcomed by bodies such as the CIWM and the Environment 
Agency.
http://www.wastedataflow.org/
EngD Dissertation Volume III Page 40
• Offices. The main content of the waste produced in offices is paper and
cardboard so this type of waste is suitable for thermal treatments and to a less 
extent for digestion.
• Power Generation. Waste generated at power stations, like ashes, etc. it is not 
readily suitable for EfW purposes because of its low energy content due to its 
high inorganic content.
• Factories. From the point of view of EfW, it is significantly important the food 
processing industry, however, a detailed analysis in each case will be 
necessary due to the huge variety of industries. An important type of waste, it 
has even been specifically addressed by legislation, is packaging that 
constitute a big fraction of factories waste.
• Agriculture & Silviculture. This category comprises residues from parks and
corridors (roads, tracks, etc.) from either tree surgery, cleaning or other
maintenance/management processes. It is mainly green waste and as such is 
prone to thermal treatment and/or MBT as well as aerobic or anaerobic 
digestion.
• Livestock. Its high organic content makes it suitable for both type of digestion 
and less for thermal treatment.
• Construction and Demolition. This type of waste is sourced dispersedly (in time 
and in space e.g. different sites at various times) and it is usually not sorted 
and it very heterogeneous thus rendering it not very suitable for EfW 
technologies. However, in the UK there is a lot of timber that could be 
recovered from this type of waste if the demolition process is properly 
managed.
• Mining. This type of waste is made up mainly by inorganic material and as 
such not very useful from an EfW perspective.
• Commerce. Waste produced by retail outlets is mainly packaging and some 
organic after an ad-hoc analysis would be suitable for thermal treatment, MBT 
or even digestion processes.
• Tyres. They are made of natural and synthetic rubber and hydrocarbons plus 
additives and some minor structural steel. The high energy content of the 
rubber and the hydrocarbons make of them a suitable fuel for EfW processes if 
careful attention is paid to the potentially toxic fumes containing heavy metals.
• Plastics. Under this category, all poly-hydrocarbon compounds are included. In 
their composition there is usually some minor traces of additives for colour, 
etc. They have high energy content and when not considered not suitable for 
recycling (e.g. because there are various types of plastic mixed) energy 
recovery from them is a viable option.
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Appendix XII. 6 month progress report 
1 Introduction___________________________________
This is the first six-month report of the Engineering Doctorate (EngD) project named 
“Using waste-to-energy technologies as part of building energy systems -  an analysis 
of engineering, environmental and financial impacts." which started on 12th 
September 2005. This project is carried out by Pablo Izquierdo with Buro Happold as 
sponsoring company. The EngD program is run together by the University of Surrey 
and Brunei University though Pablo is student of the former. This EngD will investigate 
the integration of energy-from-waste technologies and processes with building 
services. Therefore, the main topics of this EngD are energy, waste and building 
services.
If a process or technique would allow energy recovery from the waste streams of other 
manufacturing processes or daily tasks to be fed back as an input to other process, 
we would be nearer to establish a closed loop in resource utilization. That closed loop 
will mean a much more effective use of resources and a much more sustainable 
present and future. These processes exist and are generally denominated: energy- 
from-waste, waste to energy, energy recovery or other similar terms. From now 
onwards in this document, the term “energy-from-waste” or EfW will be used.
The term energy-from-waste is very general and includes several technologies that 
could be used for extracting energy (e.g. heat or electricity through a further 
transformation) from matter classified as waste. The term covers small to large-scale 
plants and with multiple purposes e.g. heating, electricity production, waste disposal, 
etc. However, the area of research of this EngD is the applicability of EfW within the 
building services sector. The reasons for this will be explored in more detail later in 
this document, but mainly corresponds to the large demand for energy in buildings to 
provide comfort and habitability to users or occupants through a sustainable method 
and using locally produced waste.
Energy is an input to almost every process that occurs in nature, both man-driven and 
naturally occurring. It can also be an output, but as energy is neither created nor 
destroyed but transformed in a closed system (First law of thermodynamics), 
somewhere in the past, energy was incorporated into the chemical bonds of materials 
and may be released by physical or chemical reactions.
Waste energy is an inevitable consequence of the second law of thermodynamics. 
This universal law states that some energy will become unavailable for future use in 
every energy transfer. At a bigger scale and applied to matter rather than energy, 
every process produces some waste. It consists of the leftovers, spillages, residues, 
unused raw materials, non quality-compliant products or undesired by-products of 
any given process. Once a substance is considered waste, it is subject to removal and 
disposal with all the associated consequences (e.g. economic, regulatory.
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environmental, etc.). Despite being an undesired output of a process, it may still have 
a certain energetic value. This EngD project will consider how energy that has 
traditionally not been used could be recovered and used in building services.
Building services can be defined as the elements required by a building to provide its 
users/occupants with the required comfort levels and cover their needs. Some 
examples of these systems are electricity, heating, cooling, water, ventilation, lifts, 
public health, voice and data networks, etc. In commercial buildings, building services 
typically account for 30-40% of total construction costs (CIBSE 2006).
1.1 Bum Happold
An intrinsic part of the EngD program is the University /  Business relationship. Buro 
Happold is the hosting company for this EngD. It already hosts some other EngD 
students researching in different areas related to environmental technologies.
Buro Happold is a major independent multidisciplinary firm providing engineering and 
consultancy services with more than 800 employees in 12 countries worldwide. The 
practice was set up in 1976 as an independent partnership with a close Integration 
between engineering, consultancy and architecture. This set up gives the company 
the flexibility to make clear decisions about the direction of the business, determining 
the firm's destiny in a way that is socially responsible and corporately sound. The 
partnership has a distinctive philosophy based on principles of integrity, trust and 
respect. This fact, together with its engineering excellence has been recognised 
through many awards to Buro Happold.
The areas that provide the bulk of Buro Happold’s business are structural and building 
services engineering. These two areas represent 40% and 30% respectively of the 
circa 252m income figure for the financial year ending on April 2004.
In addition to its core traditional business, Buro Happold provides consultancy 
services in the following specialist areas:
Access consultancy 
Building services engineering 
Environmental engineering and sustainability 
Computational simulation and analysis 
Façade engineering 
Strategic procurement 
Urban design and planning 
Fire engineering design and risk assessment 
Water: marine, coastal and river management 
Acoustics
Geotechnical and geo-environmental 
All these groups have experience in the following sectors:
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Education 
Commercial 
Transport
Urban development 
Culture and media 
Sport and leisure centres 
Medical and scientific 
Museums and exhibition spaces 
Hotels
Offices and residential buildings
The consultancy services are delivered through a company structure of four groups, 
all with a vast experience in all aspects of project management:
• Building services
• Structural engineering
• Specialist services
• Civil engineering
The sustainability and alternative technologies (SAT) group in which this project is 
located is part of the specialist services division. SAT provides services mainly of 
environmental engineering, on sustainability aspects and renewable energies. Through 
SAT, Buro Happold advises on economic and environmentally sensitive solutions that 
are applied across all the physical realms: air, land and water for all types of buildings 
and infrastructure projects. Key concepts in projects in this area are sustainable 
development and risk assessment. Buro Happold also pays attention through its 
international development consultancy group to less developed countries where 
holistic solutions are sought for the benefit of the local community through integration 
infrastructure, particularly water and sanitation.
1.2 EngD scope
In this section, the relevance of this EngD in different subjects will be highlighted and 
this will serve as a justification for the current and future efforts put into it by all the 
three parties involved.
The integration of EfW technologies into building services will not be a mere 
theoretical exercise or a purely research based project. It is a feature of the EngD 
program that the research must be applicable to the “real world” where companies 
have to carry out their business; therefore, the outcomes of the research will be drawn 
from case studies based on Buro Happold’s projects and will benefit them in the 
future by application of the gained knowledge and experience.
The integration would materialise as a loop in which EfW technologies would provide 
the energy for the building services in a community, these services would provide 
comfort to community residents in their daily activities and finally, these activities
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would eventually produce waste that could be used as fuel in EfW processes closing 
the cycle.
A community is the people who live in a single building or group of them together with 
the buildings themselves and the interconnecting spaces (e.g. roads, etc.) and 
infrastructure (e.g. gas or electric networks). Depending on the community scale, there 
might be different types of buildings such as dwellings, shops, offices, factories, etc. 
each of them designed with the purpose to be used as infrastructure for living, selling 
or manufacturing but also to provide a comfortable environment to their users thanks 
to their building services.
It is currently known that inside Buro Happold there is little knowledge or experience 
on EfW projects; existing experience relates mainly to biomass combined heat and 
power (CHP) projects and there is almost no experience on waste management or 
related projects. On the other hand, there is a vast knowledge of building services that 
together with Buro Happold’s perspective of customers’ requirements has led to the 
creation of this particular EngD program trying to integrate EfW technologies within 
building services.
A copy of the application form that describe the project and the originality areas of the 
project can be found in Annex II.
The spatial scope of the EngD project is England; however, as part of the United 
Kingdom (UK), some strategies, environmental bodies etc. apply also to Wales, 
Scotland and North Ireland. At the same time, with the UK being part of the European 
Union (EU), the UK must comply with EU directives hence the EU plays an important 
role in legislative aspects. Finally, at a larger scale, international agreements, such as 
entered into under “the Kyoto process” play a role in waste related issues.
This however does not imply that some of the projects analysed by this EngD could 
not be outside the UK. Some examples could be projects in other EU countries where 
the technology is more mature or strategic thinking is farther developed or even in 
developing countries in Africa. In these last countries, projects would make use of 
international trading mechanisms (e.g. Clean Development Mechanism) that 
encourage environmental investments there from more developed countries.
Our society has to aspire to live under the sustainability paradigm. A sustainable 
society uses resources but does not deplete them preventing future generations to 
use them, it also does not pollutes the environment so that in the future it will be at 
least in the same condition as it is now. The environment, economy and society are 
the three pillars of sustainability and this EngD covers the three of them. The next 
sections give an overview of this EngD relevance under the three aspects.
1.2.1 Environmental aspects
EfW would make a better use of the resources in a scarce world whilst minimising the 
harm to the environment by reducing the use of non-renewable resources. The input
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to an EfW system is waste and as such, it is something that needs to be disposed 
when it is not useful for the process that generated it. This EngD project will focus on 
the use of EfW to provide energy to building services so it will directly substitute other 
sources of energy that, nowadays, are mainly carbon-based and non-renewable. 
Thanks to the use of EfW, the resource flow loop will be more closed and thus less 
wasteful.
One of the clearest evidences that environmental quality is degrading is global climate 
change because of its worldwide scale. However, there are many other examples on a 
regional (e.g. acid rain) or a local scale (e.g. contamination of a watercourse) that may 
help individuals to understand and act on the problem due to their proximity and 
personal relevance.
In the case of global climate change due to an enhanced greenhouse effect, the cause 
is the anthropogenic (i.e. of human origin) emissions of greenhouse gases (GHG) 
mainly due to fossil fuel burning. Table 1 summarises the quantities of emissions of 
the gases considered in the Kyoto Protocol in recent years in the UK. It shows the 
different gas emissions multiplied by a weighting factor, or global warming potential, 
that uses carbon dioxide as a base.
1990 1995 2000 2002 2003 2004
OOg emissions 589.2 548.6 546.8 546.0 557.6 561.0
OH4 91.9 79.9 59.9 52.2 47.2 45.9
NgO 68.3 57.0 44.2 40.4 40.1 40.7
HFO 11.38 15.49 9.08 9.89 10.19 8.9
PFO 1.40 0.47 0.50 0.32 0.30 0.4
SFs 1.03 1.24 1.80 1.51 1.32 1.1
Total 763.2 702.7 662.2 650.3 656.7 658.0
Figures on million tonnes of carbon dioxide equivalent.
Table 1. Estimated total emissions of UK 'basket' greenhouse gases on an IPCC basis. Weighted by global warming 
potential: 1990 to 2004. (DEFRA e-Digest Statistics 2006)
These figures reflect that there have been a decrease since 1990 in line with the 
objectives of the Kyoto protocol (UNFCOG 1997) which compromises all EU members 
on 002  emissions reductions.
The Kyoto Protocol officially came into force on 16 February 2005, following its 
ratification by Russia in October 2004. The UK contributes to less than 2% of global 
anthropogenic 002 emissions equivalent which are estimated between 6.2 and 6.9 
billion tonnes of carbon dioxide per year (DEFRA 2005a).
Greenhouse gas emission reduction were negotiated as a block for the EU and they 
are enforced by the council directives 93/76/EEO (European Oommission 1993) and 
2003/87/EO (European Oommission 2003). These measures were further developed by
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subsequent directives e.g. 2002/91/EC (European Commission 2002). Some of these 
measures are listed under article one of the ELI directive 93/76/EEO (European 
Oommission 1993):
• Energy certification of buildings,
• The billing of heating, air-conditioning and hot water costs on the basis of 
actual consumption,
• Third-party financing for energy efficiency investments in the public sector,
• Thermal insulation of new buildings,
• Regular inspection of boilers and
• Energy audits of undertakings with high-energy consumption.
It is clear that most of them deal with energy efficiency in buildings, hence with 
building services. This underlies the importance of being efficient in the building 
services sector and the integration of EfW technologies within building services.
In the past. Gross Domestic Product (GDP), waste generation and energy 
consumptions were coupled indicators. However, in the last decade these indicators 
have been showing signs of decoupling. Waste generation in the UK is still increasing 
(see Error! Reference source not found.) but not as quickly as in the early nineties 
when it grew at a rate above the GDP. The energy intensity indicator presents a 
diminishing trend that means that for producing a unit of GDP less energy is required 
than in the past thus the UK is consuming energy more efficiently as the “Evolution of 
the energy ratio in the UK since 1970” indicator in DTI's report “UK Energy sector 
indicators” (DTI 2005b) reflects.
In the UK, as Error! Reference source not found, reflects, landfill is the dominant 
method of municipal solid waste (MSW) disposal accounting for circa 72% of the 
municipal solid waste while recycling figures are around 19% compared with near 
50% values for Germany or the Netherlands.
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Figure 1. Methods and total arising of MSW in England. Munioipal Waste Management Survey 2003/04 (DEFRA 2005b)
Landfill is not the more adequate waste management strategy because it does not 
allow for any recovery either of energy nor of material and generates methane that 
contributes to the enhanced greenhouse effect (Strategy Unit 2002).
1.2.2 Economic aspects
From an economic point of view, EfW is significant for two main reasons:
• The input to an EfW process is waste and as such has a negative economic 
value for the producer because it is probably subject to taxes and liabilities. 
Consequently, the producer intends to discard waste because it is a cost to its 
business. On the other hand, waste can be a valuable resource for someone 
else; hence, there may be someone willing to pay for it. These two parties with, 
possibly, matching interests may form a market where waste could be sold 
and bought. This is interesting from an economic point of view as costs can be 
avoided or minimised and required resources can be bought.
• The output of an EfW process is energy either with high (e.g. electricity or high 
temperature water or steam) or low “quality” (e.g. low temperature water) that 
can be used as an input to other processes. The energy produced by an EfW 
plant displaces production by other means, thus saving valuable and/or scarce 
resources.
An integrated waste management system and an optimised and efficient use of energy 
have positive economic results for businesses or local authorities and EfW can be a 
part of it. However, some companies take an opposite view that waste management
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represents a loss-making burden and do not realise the benefits of the efficient use of 
energy in their bottom-lines.
1.2.3 Social aspects
EfW technologies allow community processes outputs usually discarded to be 
optimally reused for producing energy or transformed into other useful by-products 
(e.g. compost) minimising the amount of final waste that has to be disposed. EfW 
processes' outputs, when directly used or through transformation, allow individuals to 
thrive, to cover their needs and provides them with comfort. As a result, better use of 
the resources is achieved and the community will be closer to a sustainable living 
paradigm.
The integration of EfW with building services into a community needs to address some 
social issues because the community is composed of individuals with different 
activities and interests. However, individuals are not the only stakeholders involved; 
there are also other social agents e.g. Local authorities (LA), environmental 
organizations, eto. whose opinion is relevant to the topic and as such should be 
considered.
Some social aspects of this EngD are:
• EfW facilities have traditionally been polemic; not all stakeholders support 
them (Greenpeace; FoE 2002). The social consent of the nearby population in 
particular has to be sought to gain permission to build the plant. Power plants 
are defined as “Schedule I” projects for environmental impact assessment 
(EIA) purposes so they require a mandatory EIA prior to planning.
• Secondly, there have been issues in the past with carcinogenic emissions from 
the stacks of incineration power plants, mainly dioxins. Nevertheless, due to 
very severe legislative measures (e.g. the Waste Incineration Directive or WID), 
these have been reduced. Top sources of dioxin emissions are summarised in 
Table 2; waste incineration is still the largest single source of these emissions 
(circa 40%). In the report for DEFRA named “Review of environmental and 
health effects of MSW waste management” (Enviros 2004) fireworks are 
mentioned as a very important source of dioxins with around 50 grams a year 
referring to a National Society for Clean Air and Environmental Protection 
(NSCA 2005) that mentions that around 14%of the UK dioxins emissions come 
from fireworks.
Emissions in 
grams from:
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
Solid Waste 
Disposal on 
Land
1 1 1 1 1 1 1 1 1 1 0 0
Waste
Incineration 645
486 316 319 208 129 101 99 99 99 98 99
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Other Waste 
(including 
Composting 
and Biogas 
Production)
7 7 6 7 7 7 7 8 9 10 10 10
Metal
Production 24
25 25 26 24 26 23 20 13 13 14 12
Combustion on 
industry
152 150 158 156 155 153 125 114 97 98 83 87
TOTAL 1181 964 767 794 533 442 349 327 294 296 285 259
Table 2. Dioxins emissions in the UK. (NAEI 2003)
• The Environmental Information Regulations from 2004 that come into force on 
the 1st of January 2005 together with the Freedom of Information Act 2000, 
allows individuals to request information on environmental topics in the UK. 
Under these regulations and due to the sensitivity of the EfW topic in the past, 
public engagement is essential while bidirectional flow of information is key for 
the success of a project.
• Other social topics related with EfW facilities are: Impact on local amenities, 
transport impact, and effects on property values (NSCA 2001).
These points are some of the social issues that this EngD might face; nonetheless, 
from a generic point of view it is necessary to know the different community 
stakeholders’ opinion, perceived barriers, etc. on the EfW topic and in particular 
regarding the integration of EfW within building services and their desired position on 
this in the future. These topics will be addressed with social research methods.
2 Progress______________________________________
The initial six months of the project have been mainly spent in Buro Happold’s building 
office. However, there have been some short trips to diverse UK and Ireland locations 
related to projects, seminars or relevant conferences. At the same time, attendance on 
the required EngD modules at Surrey and Brunei universities has consumed almost a 
week in each of these first six months with further time required to produce the 
associated assignment reports.
Since the start of the EngD, involvement into some projects have been sought. These 
projects, despite they might not be directly related to the energy-from-waste field in 
the first phase, have allowed familiarisation with the type of projects the SAT group 
from Buro Happold is involved as well as to known people in the company and in the 
field that may be relevant to the EngD. In the future, the involvement in projects will be 
more selective and with a clearer focus on EfW and building services. Brief summaries 
of each project and my level of involvement in them are presented below:
Sport stadium at Dubai.
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o Description: A new stadium in Dubai came as a project to the SAT 
group. The request was to analyse the energy consumption and study 
some pioneering techniques (e.g. Passive Downdraught Evaporative 
Cooling, Ice storage, etc.) in the specific conditions of the Dubai 
climate.
o Collaboration: I took part in the project by investigating these options 
and assessing their feasibility for the climate conditions of Dubai. I also 
carried out some energy calculations and researched to identify similar 
projects as possible sources of data, 
o Outcomes: The particular conditions at Dubai implied that traditional 
building services might not be suitable. The client was keen on 
researching advanced techniques to assess their viability in the project. 
Investigating some of these alternative options and performing the 
calculations gave me an overview of different building services 
techniques that will prove useful in the future.
• Energy Audit at the Tremough campus of the University of Exeter in Cornwall.
o Description: As part of a post-occupancy evaluation project carried 
out by a colleague, there was a need to carry out an energy audit with 
personal interviews and some degree of on-site energy monitoring, 
o Collaboration: I travelled to Cornwall with the project leader in order to 
have meetings with the building managers and with the users of the 
building and to take some measurements. After the fieldwork, I 
produced a report to be incorporated in the final report to the oustomer. 
o Outcomes: The energy audit was my first fieldwork and the first 
contact with the academic sector. The academic sector (e.g. 
universities, academies, etc.) may be a suitable field for implementing 
EfW technologies. The project is in its operational state, not like many 
other of the projects where I collaborate, so I also learnt from 
experiences that the people involved in the project shared with me.
• Virginia Auditorium
o Description: The project consists of the preliminary study on energy 
strategies for an Auditorium in the University of Virginia. Energy profiles 
were needed as well as simulation models and some innovative 
thoughts on alternative energies, 
o Collaboration: I worked out a weekly energy profile taking into
account the pattern usage of the building and attended workshops 
where innovative ideas were suggested for an optimum energy design. 
A presentation was produced to introduce the architects to the ideas 
and the energy saving mechanisms proposed for the building, 
o Outcomes: Understanding the energy demand of a building is crucial 
for designing proper building services. My involvement at that stage 
allowed me to review different concepts that are necessary in the 
design process, to familiarise with the tools used for modelling and to 
approach the project from a holistic point working together with 
specialists in other areas.
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• Presse Hall Farm Anaerobic Digestion (AD) sizing.
o Description: The project consisted of sizing an AD unit based on 
energy profiles. Some other renewable and highly efficient technologies 
were also offered as alternatives 
o Collaboration: I estimated the amount of cattle dung that would be 
available and from it the amount of energy that could be generated in 
an anaerobic digestion tank. The size of the main and ancillary tanks 
was also calculated, 
o Outcomes: AD is an EfW technology. This project forced me to
investigate the basics of the process as well as to review its 
applicability and some of the economics involved in an EfW project. 
During the project, I reviewed similar past projects to gain a generic 
view of the technology and the projects where it could be applicable.
• Walsall Waterfront CHP unit sizing.
o Description: The project consisted of sizing a CHP unit based on 
energy profiles. Some other renewable and high efficient technologies 
were also offered as alternatives 
o Collaboration: I took part in the sizing of the CHP and the adaptation
of the energy profiles to the specific site. A new cooling profile was 
developed to cover the tri-generation (heating, cooling and electricity) 
possibility with absorption chillers, 
o Outcomes: CHP it is not an EfW technology on its own, but CHP prime 
movers may be powered by EfW by-products (e.g. synthetic gas, 
biomass) so it was worth to gain some knowledge in this field. The 
sizing exercise involved a review of different manufacturers that gave 
me an overview of important players in the field and that will be 
important in future projects.
• Brent Cross Cricklewood.
o Description: This project covers the sustainability and energy planning
for the Brent Cross Cricklewood area as part of the redevelopment 
masterplanning process for the next twenty years, 
o Collaboration: I have helped the energy team to create the demand
profiles for the bulk of the buildings in the different development phases 
and I have sized a CHP plant and estimated the utilities demand. 
Finally, I have evaluated the renewable energy options and the C02 
mitigation measures for reducing the C02 emissions in the future. I 
have also participated in meetings to discuss the suitability and 
feasibility of a gasification unit as part of an integrated waste 
management facility for the North London Waste Authority, 
o Outcomes: The estimation of yearly demands and peak loads for the
utilities made me aware of the huge demands of energy in a 
development of this size and the “ in advance” planning required for a 
masterplanning project. At present, there is a waste handling facility in 
the area of the development that needs to be refurbished in the near
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future. I attended a meeting to discuss the suitability of EfW options in 
the existing site and I ascertained that there are different opinions and 
some ignorance on the EfW topic that will be further studied in future 
stages of this EngD.
At the same time during these six months, I have attended some conferences and 
seminars relevant to the energy-from-waste field or some related environmental topic. 
These conferences have been:
• Beaufourt Court Seminar
• Mini-Waste Conference
• Zero Emissions Enterprise
• Emission Trading Schema
• Proven Technologies from Europe?
The detailed report for some of them can be found in Error! Reference source not 
found.
3 Objectives
The main objective of this EngD project is to investigate the integration of EfW 
technologies and processes with building services. In order to do that it is necessary 
to assess the feasibility of different EfW technologies at different scales with different 
types of waste, to understand the existing barriers (e.g. social, technological, 
legislative, etc.) that prevent its implementation and to propose mechanisms to 
overcome them. It will also be attempted to investigate future trends in EfW and 
building services technologies and to be always part of the leading group in any of 
these fields.
Another outcome that will be possible towards the end of the EngD will be the 
possible advice to stakeholders based on the acquired experience and the possibility 
of overcoming some barriers by lobbying or through innovation.
The EngD’s main objective does require some intermediate steps that need to be 
achieved and that could be considered as intermediate objectives and are named 
research steps. They will be progressively approached throughout the EndD duration. 
They are presented in the following three columns table: the first describes the 
research step, the second column lists a set of tools that could be used to reach the 
objective and the third contains some questions that may direct the research into the 
associated objective. The research steps are set up in chronological order so that the 
first ones are necessary for the later ones. Nevertheless, for some of the tools used, 
careful planning should be done in advance to maximise the possible use that could 
be done from the results.
RESEARCH STEP TOOLS RESEARCH QUESTIONS
1- Define current situation 
of EfW and building • Literature review
Why EfW?
Why EfW into building
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services.
State the relevance of the 
EngD in these fields.
• Conferences services?
Are there any successful 
EfW cases?
II- Analyze EfW 
technologies depending 
on:
• Outputs (e.g. the type 
of building service).
• Inputs (e.g. the type of 
waste).
• Case studies
• SWOT analysis
• Economical analysis
• Waste analysis
How can we re­
incorporate the waste 
back as a useful input 
within the community? 
What EfW technology is 
most suitable for building 
services depending on the 
type of waste?
Ill- Study the feasibility of 
EfW plants for 
communities.
Analyse the optimum EfW 
scale for a given 
community.
• Economical analysis
• Waste analysis
• TRIZ'
What is the viable scale of 
an EfW plant to integrate 
with building services? 
What are the 
maximum/minimum 
inputs/outputs of an EfW 
plant?
IV- Compare EfW with 
similar technologies or 
processes.
• Life Cycle Analysis 
(LCA)
• Cost benefit analysis 
(CBA)
Why EfW?
How can we re­
incorporate the waste 
back as a useful input 
within the community? 
What is the best overall 
option for energy and 
waste management?
V- Explore the immediate 
application of EfW into 
building services.
• Comparison with other 
countries (e.g. 
Scandinavian 
countries, Germany, 
Denmark, etc.)
• Case studies
What has prevented EfW 
to be considered a valid 
option?
What minor modifications 
could be done to facilitate 
the immediate integration 
of EfW within building 
services?
Vl-Define and classify 
factors that
support/prevent EfW to be 
implemented in building 
services.
• Identify stakeholders' 
position and possible 
evolution.
• Devise methods to 
overcome barriers.
• Social research 
methods
• Legislation analysis.
• Case studies
• Technology research
What is the stakeholders' 
current and future 
perception of EfW?
What are the barriers to 
the EfW application?
How possible changes in 
legislation may affect 
EfW?
What are the current 
technological limits?
Are the processes used 
efficient?
VII- Being aware of future 
trends and evolution of 
relevant factors for EfW 
and building services.
• State of the art 
research
• Conferences
• TRIZ
What are the future trends 
in EfW technology?
What are the foreseeable 
changes in technology /
■' TRIZ is the Russian acronym for “Theory of Inventive Problem Solving.”
EngD Dissertation Volume III Page 58
legislation /  management 
practices /  etc. in the 
future?
Table 3. EngD research steps, tools and questions.
In order to comply with the EngD requirements and make a oontribution to knowledge, 
it will be attempted to back up some of these points with a conference or a journal 
paper where appropriate.
A brief description of the tools, the key points to the research questions and a fully 
comprehensive answer to some of them are given in the next sections.
4 Tools_________________________________________
This section introduces some of the tools that are likely to be used during the EngD 
and that have partly been enumerated in section 3.
• Literature review. This tool is necessary for the first stage of the EngD. It is the 
base where the EngD starts. It consists of reviewing the existing literature (e.g. 
reports, documents, journal papers, legislative instruments, electronic 
resources, etc.) to picture the current situation of relevant topics. The results of 
it are presented in a separate document at the same time that this six month 
report.
• Conferences. Attendance to relevant conferences is a good mechanism for 
staying informed of the latest developments and trends. It is also a good tool 
for networking with relevant people in the industry, academia or government 
bodies (e.g. DEFRA, Environmental Agency, etc.)
• Case studies. Detailed analysis of case studies will prove relevant when a 
detailed analysis of various points is required. They allow better knowledge of 
the technology and the problems it faces thanks to a detailed analysis and 
finally conclusions can be drawn as guidelines or examples when generalising 
statements. A case study could be potentially used for more than one of the 
research steps mentioned in Table 3 so careful planning is needed in advance 
to maximise the outcomes of each of them. Case studies can be done in other 
countries (e.g. Scandinavian countries, Germany, Denmark, etc.) where their 
test and knowledge is known to be ahead of the UK’s. If possible and 
appropriate, a visit to some of the installations will be pursued to incorporate 
first-hand knowledge.
• SWOT analysis. This is one of the research tools that will be used to analyse 
different EfW technologies. It consists of enumerating the strong as well as the 
weak points of a certain technology. It also lists the opportunities a technology 
has against similar processes and finally it describes the threats that a 
technology may face on its market deployment or use.
• Economical analysis and Cost benefit analysis (CBA). Economical analysis is 
essential in today business model. Processes and technologies should be 
assessed from an economic point of view to evaluate if they are feasible or not.
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CBA is one of the many tools that could be used for this purpose. It analyses 
the costs and benefits of a given option and ranks it accordingly.
• Waste analysis. This analysis may render necessary at some stage of the 
EngD. It will consist of characterising the waste composition of a given 
building, community, etc. in order to know which EfW technology may be 
suitable to treat it. It will also allow classifying communities based on the type 
of waste it produces. Certainly, very similar data may be available from local 
collection business so, if possible, this analysis will be avoided not to duplicate 
efforts.
• TRIZ. It is the Russian acronym for “Theory of Inventive Problem Solving.” That 
theory helps to solve problems based on how previously other technologies 
and patents have solved them. It also gives an idea of possible evolution lines 
along which technology is likely to develop. Finally, it helps in analysing the 
problems associated with changing of parameters (e.g. scale) and the suitable 
forms of solving them again based on past solutions either man-devised or 
that happen in nature.
• Life Cycle Analysis (LCA). This tool is necessary to evaluate the possible 
impacts of a given technology or process but under a whole life approach i.e. 
accounting all environmental costs “from cradle to grave.” It does not account 
for any economic cost so it has to be combined with some other tools to cover 
all aspects of sustainability.
• Social research methods. This set of tools comes into play when the social 
aspects of the EngD are to be studied. It will consist on interviews, 
questionnaires and the associated mechanisms to process the obtained raw 
data. They will prove extremely useful when analysing stakeholders’ position.
• Legislation analysis. UK or European legislation shapes the framework where 
the EfW technologies and building services are to happen. Understanding the 
implications and the desired outputs as well as how it is enforced will be 
crucial for assessing the applicability and future evolution of the topics 
researched in the EngD.
• Technology and state of the art research. This tool consists of the research in 
the latest technologies that are in pilot or test phase to know what is likely to 
be the evolution of the existing technology in the foreseeable future.
A more detailed description of the SWOT and economical analysis tools that may be 
used in the short term is included in sections 4.1 and 4.2 and their outcomes will 
answer some of the questions in section 5.
4.1 SWOT analysis
It is intended to use this analysis tool to list the strengths, weaknesses, opportunities 
and threats of existing EfW technologies. The rationale to do this will be to have a very 
good knowledge of each technique gained by asking questions like the following ones 
for each technology/process:
• For what types of waste is the processes best suited?
• At what scale is the technology practical?
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• Does the implementation of a certain process-led solution require changes 
relative to conventional waste management practices?
How proven are systems that operate a given technology?
Does the technology complement or conflict with kerbside separation of 
waste?
To what extent can the analysed technology conflict with other statutory 
targets (e.g. recycling or landfill diversion)?
How difficult is for a technology to obtain planning permission?
Is there a significant range of variation in proprietary technologies grouped 
under the same name?
Is there any specialization of the technology more suitable for different roles? 
Can a technology deliver a ‘zero waste' objective?
To what extent is the output from the process suitable for another use or a 
residue for landfill?
Are the process outputs of consistent quality and quantity to satisfy end-user 
concerns?
What is the acceptable qualitative and quantitative range of the process 
inputs?
What is the classification of the final output of the project under UK law?
Is deposition of the residual fraction in landfill consistent with the need to 
maximise resource recovery from waste?
In the context of increasing landfill costs, would a technology still be 
competent in the future?
What is the social consideration and public perception of the technology?
What are the operational and capital costs for the technology 
What is the expected size and land-take of a plant?
Then, some questions could be made to analyse pairs of technology/processes 
working together if the inputs and/or outputs are compatible:
• Is there a potential conflict between two technologies?
• Are there any synergies between two technologies working together?
All these questions have been adapted from the ones listed in Annex A of Juniper’s 
report “Mechanical-Biological Treatment: A guide for decision makers”. Processes, 
policies and markets.” (Juniper Consultancy Services Ltd. 2005). Once the answers to 
the questions are obtained, they will be reformatted under the strengths, weaknesses, 
opportunities and threats headings to present a condensed overview of each 
technology and possibly of some oombination of technologies.
DEFRA commissioned a report named “Renewable supply chain gap analysis.” (DTI 
2004) that analysed UK’s renewable situation earlier in 2004 and contains a SWOT 
analysis for biomass projects, incineration (named energy-from-waste) and landfill gas 
which are closely related to the technologies this EngD will be analysing. That 
document will be a guideline when carrying out the SWOT analysis.
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4.2 Economic analysis
An economic analysis of different technologies will be carried out to investigate 
financial aspects of the technology that are extremely relevant for decision-making in 
business. In order to perform this analysis, the following topics will be investigated:
Which are the factors that mainly affect the economics of an EfW project?
What are the estimated operating and capital costs associated with an EfW 
project?
How much energy is produced by a given amount of waste?
How much waste needs to be produced in a site to make reasonable building 
an EfW plant?
Are trading schemas (e.g. clean development mechanism or CDM and 
European trading schema or ETS) applicable?
Which are the available sources of capital funding (e.g. UK or EU grants)?
Does any economic synergy exist between EfW technologies and/or existing 
non-EfW technologies (e.g. co-firing)?
What is at present the cost of the fuel and what is the predicted evolution of 
fuel prices (e.g. raw and processed waste, biofuels, oil, coal, gas, etc.)?
What are the prices of other by-products of EfW processes (e.g. RDF or soil 
conditioner)?
Are there markets for the inputs and outputs of an EfW process?
Are the markets stable and free to enter?
Which influences have taxes (e.g. climate change levy, landfill tax, etc.) and 
fees (e.g. gateway fills in landfills) in the financial balance of EfW processes?
In the Emission Trading Seminar, different international GHG trading mechanisms 
were presented partially answering one of the above points. Being the ETS an 
example of an International Emission Trading schema the reasons for its existence, 
the mechanisms in place and the desired outcomes of it were outlined and are 
summarised here and in more detail in section Error! Reference source not found. 
Error! Reference source not found, of Annex I. A previous national GHG trading 
schema existed in the UK, which in fact was the seed for ETS and was set up by 
DEFRA (DEFRA 2005c)
The EU ETS is the main EU-wide mechanism for ensuring the EU meets its targets 
under Kyoto. It officially started on 1 January 2005 and the first phase runs from 2005- 
2007. It will continue with a second phase that will run from 2008-2012 to coincide 
with the first Kyoto Commitment Period.
The scheme operates on a "cap and trade" basis. EU Member State governments are 
required to set an emission cap for all installations covered by the scheme, such as 
fossil-fuel power generators and in general business with high GHG emissions. Each 
installation will be allocated emission allowances, representing the amount of 002 
that installation is allowed to emit. If the installation emits less 002 than its allowance, 
it may sell the remaining allowances to other installations who expect to exceed their
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emissions allowance, thereby encouraging installations to adopt practices to reduce 
their C02 emissions.
5 Questions_____________________________________
This section will pose some of the questions mentioned in Table 3 together with the 
points that are likely to be analysed by them. For some of the questions a detailed 
answer is provided as a proof of the relevance of this EngD.
The complete list of questions is:
Why EfW?
Why EfW into building services?
Are there any successful EfW cases?
How can we re-incorporate the waste back as a useful input within the 
community?
What EfW technology is most suitable for building services depending on the 
type of waste?
What is the viable scale of an EfW plant to integrate with building services? 
What are the maximum/minimum inputs/outputs of an EfW plant?
What is the best overall option for energy and waste management?
What has prevented EfW to be considered a valid option?
What minor modifications could be done to facilitate the immediate integration 
of EfW within building services?
What is the stakeholders’ current and future perception of EfW?
What are the barriers to the EfW application?
How possible changes in legislation may affect EfW?
What are the current technological limits?
Are the processes used efficient?
What are the future trends in EfW technology?
What are the foreseeable changes in technology /  legislation /  management 
practices /  etc. in the future?
5.1 Why EfW?
This question is crucial for the relevance of the EngD as a real contribution to 
knowledge and as such is answered. It will establish the ground for the EngD to start 
from together with the answer to the question “Why EfW in building services?” in 
section 5.3.1.
EfW technology is an existing group of processes that links together, and helps to 
solve, two of the most important environmental problems at present. EfW generates 
energy from waste thus helping with environmental (e.g. displaces fossil fuels to 
provide energy) and economic aspects (e.g. reduces material use and waste 
management costs and taxes). It also helps on social grounds because individuals 
discard waste and need energy to thrive and EfW deals with both requirements 
simultaneously. EfW helps to manage waste arisings by diverting them from landfill.
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Moreover, if properly managed and driven by legislation and market instruments, it is 
not a competitor with other waste management strategies that are above it in the 
waste hierarchy (e.g. reduce, reuse and recycle). These reasons show how EfW is a 
smart solution for achieving a more sustainable world.
Focusing on the waste topic, there are two approaches to the problem. The “do 
nothing solution” that will mean high economic costs e.g. 50% increase in landfill 
costs by 2020 (Strategy Unit 2002) and environment problems (e.g. landfill gas 
escaping to the atmosphere is mainly methane that has a global warming potential 22 
times higher than C02) and the “search for a sustainable and economically sound 
strategy”. EfW is part of the resources that this second approach can use. Moreover, 
EfW tackles the associated environmental issues from two fronts: waste and energy. 
These two approaches can also be called: "Waste happens” whereby waste is 
regarded as a problem that has to be dealt within the regulations and at a minimum 
cost or the “Waste is a resource” where waste has an intrinsic value that should be 
recovered to a maximum extent by minimising the financial and environmental costs. 
(Energy and Utility Skills Ltd. 2005)
As mentioned before, EfW is not a developing technology that will produce no result 
or will be uncertain and insecure until a distant future. It is part of today UK strategy 
and it is ranked second amongst the analysed proposals with a 50% incineration and 
35% recycling of the waste produced by 2020. The firstly ranked proposal is a 
reduction by 1 % in weight in waste arising, 45% or plus recycling, and 30% or less of 
other waste management strategies like Mechanical Biological Treatment (MBT) and 
incineration by 2020. (Strategy Unit 2002)
Finally a quote from a report from the NSCA that reflects the need of EfW as part of 
the future UK waste and energy strategy:
“Even with the most optimistic assumptions about waste minimisation, 
recycling and composting, the UK will have residual waste which requires 
disposal. Incineration, or energy-from-waste, plant are likely to appear a 
necessary element of local waste management strategies." (NSCA 2001 p 2)
A more detailed investigation on some of the aspects that make relevant this EngD 
related with EfW is presented in the following sections.
5.1.1 Social reasons
The main reasons for considering EfW relevant from a social perspective are that it 
treats waste so that it will not accumulate causing health problems, either in the short 
or in the long term, and because it generates energy that is required by all human 
beings in their daily activities.
Any waste management strategy is doomed to fail if does not act on all sides of the 
problem. In other words, if waste management only involves changes and 
enhancement on the technological and managerial aspects it will not succeed as it
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needs to engage the social side as well. Day to day activities of individuals can really 
play an important part in the waste management strategy; moreover, these tasks are 
usually at the top of the waste hierarchy hence better rated and more effective. For 
example, if an individual reuses goods, facilitates recycling and composting, or as part 
of the society, forces designers to device more environmentally friendly products 
he/she will be helping to tackle the waste management problem more effectively. After 
these entire tasks are done at their bests, then technology can help in the EfW part of 
the strategy, but always as part of a holistic approach.
The individuals as part of a society, have their own view on different topics and this 
theme has been studied by a Strategic Unit report (MORI 1999) on public perception 
on recycling and waste management. From these report, it is clear that landfilling is 
perceived as something “bad” and recycling as something “good.” Awareness of 
incineration (i.e. the generic term in public terminology for EfW technology, regardless 
of the exact technology behind and even if no thermal treatment is involved) is low and 
though not absolutely against it. Incineration’s acceptability is conditioned to several 
requirements like to be part of a holistic strategy that covers all required aspects, that 
recycling is above incineration and that is clear that it yields environmental benefits.
In order to overcome the expected social opposition, the planning of an EfW project 
has to involve the local community (individuals and authorities) as well as identify and 
make clear the benefits of the EfW alone or together with other options. (NSCA 2001)
5.1.2 Environmental reasons
It has already been demonstrated that there is some evidence of climate change and it 
is known that waste can cause harmful problems if badly managed. An even when no 
strict scientific evidence has been published, using the precautionary principle these 
two aspects needs to be controlled. EfW technologies may probe helpful in both 
aspects. Moreover, EfW can improve the environmental status not only preventing it 
from degrading. In order to do so, EfW provides energy from discarded products thus 
minimising waste that needs to be disposed and waste produced in the extraction 
process or virgin fossil fuels. At the same time when used together with other sensible 
practices, like those classified in the waste hierarchy, EfW provides a sound waste 
management practice that reduces to a minimum the dangers of badly managed 
wastes thus rendering a possibly better environment to societies that use it.
Waste has to be seen as an opportunity rather than as a liability. Waste materials once 
other waste management process cannot do anything more with them can be used in 
EfW facilities to recover energy and to transform them into less harmful chemical 
species that will minimise the environmental impacts of human activities.
Once EfW is thoroughly understood and considered a valid waste management 
alternative in the UK, there will be a paradigm shift. Our society will move from a “once 
use material” society that creates everything from virgin materials with vast amounts 
of energy into a “sustainable” society. In that new paradigm we will only extract what 
is required and will minimise the waste produced through reutilization and recycling
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and with the leftovers will try to further recover energy from them and finally, will 
discard only a minimum proportion of waste.
5.1.3 Economic reasons
An economy that can decouple economic growth from energy/material (i.e. resources) 
use will be more sustainable (Strategy Unit 2002). EfW can help with this objective, as 
it will produce energy from undesired material, which from the EfW point of view is a 
resource, thus minimising the amount of final waste disposed and displacing energy 
production from other sources. Producing energy and other by-products that may be 
sold with a profit from an unwanted material that has associated costs (e.g. collection 
costs, landfill taxes, gateway fees, etc.) is a sound economic practice and that is what 
EfW does. This fact is one of the reasons for considering EfW technologies a solution 
for tomorrow’s demands from an economic point of view.
Figure 2 shows how the energy ratio i.e. the amount of energy (in kilo tonnes of oil 
equivalent) per unit of GDP in billions of United States dollars has decreased over time 
in several countries. At the same time that the energy ratio was diminishing the ratio of 
carbon emissions per unit of GDP has also drop to less than 50% of the 1970 value 
(DTI 2005b). These two factors together mean that improving energy efficiency and 
reducing GHG emissions can be achieved and EfW technologies will help with that 
objective.
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Figure 2. Evolution of the energy ratio for different countries. (DTI 2005b)
Despite the decrease in the energy ratio, inland primary energy consumption has 
steadily increased (e.g. a 1% from 2003 to 2004 and 14% since 1980) up to 234.9 
Mtoe in 2004 and it is predicted to maintain that trend in the near future at a rate of 
1.1 % for mature economies (lEA 2005). This means that more energy will need to be
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produced, and being energy the main product of EfW it can be expected that EfW 
plants will be a sound investment in the future.
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Figure 3. Final energy consumption in the UK 1980 to 2004. (DTI 2005a)
EfW technologies sector is not fully developed in the UK economy but thanks to EU 
legislation, market forces, the example from other countries, etc. a big growth is 
foreseeable. Moreover, EfW technologies are a reasonable economic investment 
because they have higher added value than traditional landfilling which is just a final 
disposal solution.
Regardless of all the points mentioned above, EfW technologies need detailed 
economic analysis to prove their suitability in a case-by-case basis. Moreover, the 
economic analysis will not be the only analysis that they should undergo, but only one 
amongst others (e.g. comparison with other energy and waste management 
alternatives, etc.). Despite EfW provide beneficial services (i.e. energy and waste 
disposal) they entail capital and running costs. Under any economic perspective, this 
two facts need to be balanced so that BATNEEC (Best Available Technologies Not 
Entailing Excessive Costs) are used. When talking about the environment, then a 
similar concept is used: BPEO (Best Practicable Environmental Option) that was 
defined by the 12^"^  report of the Royal Commission on Environmental Pollution as:
“For a given set of objectives, the option that provides the most benefits or the 
least damage to the environment as a whole, at acceptable costs in the long 
term as well as in the short term” (RCEP 1988).
As a conclusion, the economic perspectives for EfW are favourable but a detailed 
analysis needs to be done for each case to identify the best technology and option.
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5.1.4 Legislative I political reasons
Another point at which EfW may help in economic and poiitical terms is with energy 
security. A safe and continuous supply of energy is essential from a poiitical and 
economical point of view because fuel powers economy. This situation is more 
exacerbated in Europe where most of the countries rely very much on supplies from 
Northern Africa, Middle East countries and Russia mainly. Moreover, an international 
unstable environment may change energy prices overnight as it has been seen 
recently with the dispute between Russia and Ukraine on gas.
Using EfW reduces the need to import other sources of energy (e.g. fossil fuels) into 
the country in an unstable international economic environment. Waste is locally 
produced and used so at the same time that the amount of final waste is reduced in 
accordance to policy targets and directives, energy is produced and the proximity 
principle is applied. A green paper on energy security was published by the European 
Commission in 2000 (COM2000/769 final) mentioning that EfW could be a way to 
assure energy security. At the time the report was commissioned, the oil prices were 
very high, as they are now, and it is at those times where a secure energy supply plays 
an important role.
The UK policy document “Waste not, want not.” (Strategy Unit 2002) states that 
energy recovery is one of the options of the waste hierarchy. That waste hierarchy was 
first outlined in Article 3 of the EU Waste Framework directive (European Commission 
1976) which is based on the BPEO and the proximity principle. A key part of the EU 
environmental and waste management policy is the proximity principle that advocates 
that all waste should be disposed of, or otherwise managed, as near to its place of 
production as possible (European Commission 2005). EfW really suits this principle as 
it usually deals with locally produced waste and feedbacks the produced energy to the 
community that produced the waste. Nonetheless, EfW is at the bottom of the waste 
hierarchy therefore more effort should be put on the activities above it (e.g. reducing 
waste, reusing and recycling) but EfW is an option worth investigating.
Another of the targets that EfW may help to achieve is set up by the EU landfill 
directive 99/31/EC (European Commission 1999) which provides targets for reducing 
the organic fraction of waste going to landfill. In order to achieve this new 
technologies and mechanisms should be put in place. EfW is one of these 
mechanisms. An estimation of the amount of organic waste that should be processed 
by non-landfill technologies can be seen in Figure 4.
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Figure 4. Amount of biodegradable waste not going to landfill. (Strategy Unit 2002)
The amount that has to be diverted from landfill has been passed to local authorities 
as a target they should achieve but no specific mechanisms have been specified. 
According to the waste pyramid, reducing waste, reutilising materials and recycling 
recovered wastes will be a priority, but EfW plants should not be discarded and may 
proof as a good option under a life cycle analysis to achieve these objectives.
5.2 What is the viable scale of an EfW plant to Integrate with 
building services?
Most of the available technology and analysis on EfW plants is for big scale systems 
whose main objective is the final production of energy, either in the form of electricity, 
heat or both or that are designed as waste disposal mechanisms. Small-scale EfW 
plants, like the ones that are expected to be more appropriate for integration within 
building services, have higher associated costs and lack the economies of scale of big 
installations. Along this point is the technology availability of small-scale plants, 
because not all technologies have been effectively implemented in small units so there 
may be a technological limitation on the available sizes.
it would not be a sound practice, from an economic point of view, not to contemplate 
the possibility of building a bigger plant that would benefit from economies of scale 
and finance itself by selling the extra energy produced. However, the fuel of an EfW 
plant is waste, hence a bigger plant would require extra waste that might not be 
produced locally. Transport costs and associated pollution will probably contravene 
the proximity and the sustainable principle. At the same time, the extra energy has to 
be sold and if there is not enough demand in the community it has to be transported 
and delivered where the demand is. This scenario is contemplated in the report “The 
story behind the strategy EU waste policy” (European Commission 2005) when it 
mentions that “ in specific cases where large amounts have been invested in facilities 
state of high environmental quality, it may be legitimate to steer waste towards them
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to ensure they receive sufficient quantities. However, this should be the exception 
rather than the rule.” This report reflects the possible problems that a bigger EfW plant 
might face as its required constant supply of waste may prevent local authorities to 
comply with waste reduction, recycling and other similar targets.
Another important issue related with scale is planning. It is quite possible to study 
projects where communities are being developed in phases. EfW might be suitable to 
provide the energy required in the community, but as demand is growing 
progressively with each phase a question arises: what is optimum? There are two 
extreme possibilities:
• A big EfW plant with technology that hardly can incorporate new innovations 
once built, sized for the maximum demand at the final phase and that provides 
services from the very beginning of the development but is rather idle, thus not 
very efficient, during the initial stages and that just runs at full load at the end 
of its life or
• A smaii-scale EfW plant built on purpose to match the demand of each phase 
with possible the latest advantages and technologies at the time of building 
but that will lack the economies of scale and central management of a big 
scale plant.
The size of an EfW plant is clearly linked with the size of the associated waste 
management facility associated to it. The European Commission has found some 
problems concerning big waste infrastructures whether they serve or not an EfW 
plant. The EC states that “waste infrastructure is expensive and once built requires 
fixed minimum volumes of waste to be efficient.” (European Commission 2005). It has 
to compete in an open market with similar installations but also with other 
technologies and again the waste quantities required may cause conflicts e.g. with LA 
recycling targets.
A good summary of all these points, which nevertheless will be further investigated in 
future stages of the EngD, is found in the report “Public acceptability of incineration” 
by NSCA (NSCA 2001) where it mentions, specifically for incineration facilities but 
easily applicable to generic EfW facilities, that they should:
• “Generally be sized to deal with local waste arisings, in order to reduce 
transport and reduce public resistance to waste ‘imports’;”
• “Handle only the waste which remains after other processes such as recycling 
and composting;”
This report also highlights the following two points (NSCA 2001):
• “New incineration plant should only be developed where there is a proven 
environmental need, and where this need is effectively communicated and 
understood by the population affected. “
• “ Incineration with energy recovery should form part of an integrated waste 
management system which: encourages waste minimisation; optimises
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recycling and composting and recovers energy, for locai use where 
practicable.”
As a conclusion, the scale issue is always subject to the real suitability of an EfW piant 
as part of a holistic waste management strategy.
5.3 Other questions
In this section, some more questions are posed but not fuily answered. They will be 
addressed during the course of the EndD but a brief overview of the possible key 
topics that would be addressed by each question is sketched under the pertinent 
section.
5.3.1 Why EfW in building services?
Analogously to the question “Why EfW?” in section 5.1, this question is very relevant 
to the justification of this EngD. A more detailed answer to this question will be 
provided in future reports, but some of the general points that could answer this 
question are enumerated here.
• Energy recovery couid be done on site minimising losses (e.g. transport of 
waste first and then the energy back).
• Suitability of EfW products i.e. heat and/or eiectricity for building services like 
heating, cooling and electricity.
• Building services energy consumption, e.g. domestic heating, accounts for 
30% of the total final energy consumption in 2004 with 48.7 Mtoe (DTI 2005a) 
thus they cause high environmentai impacts and perhaps EfW couid minimise 
them.
• Cost minimization, e.g. district heating schemas and off-grid applications i.e. 
private wires in remote locations like farms.
• Local generation to avoid overloaded transmissions networks.
5.3.2 How can we re-incorporate the waste back as a useful input 
within the community?
This question wiil address the suitabiiity of EfW as one possible way of feeding back 
waste to the production chain of the community. The final objective is to know if a 
waste zero objective is achievabie and if EfW wiil be part of that strategy.
5.3.3 What EfW technology is most suitable for building services 
depending on the type of waste?
Some research is needed to find the adequate suitability of EfW technoiogies to 
different types of building services and based on the type of waste that is available. 
Different buiiding services might require different technoiogies (e.g. oniy heat, oniy 
gas, electricity, etc.)
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For example, McLanagan recognises that:
“It is acknowiedged that composting, anaerobic digestion and materiai 
recovery faciiity plants may be operated on a ‘microscale’ within communities.” 
(McLanaghan 2002 p 19).
McLanagan’s point of view suggests another research question to investigate at which 
scaie EfW are suitable to be built if they want to be integrated with building services 
and this topic is investigated in section 5.2.
5.3.4 Are there any successful EfW cases?
EfW technologies are proven, accepted and considered a solution for producing 
energy and dealing with waste at the same time in countries like Japan, Germany, 
Denmark and the Scandinavian countries (e.g. Sweden, Norway and Finiand). 
Flowever, they have not been very successful in the UK although there are some 
existing faciiities. Some of these facilities wili be picked as case studies to understand 
the reasons for them being buiit.
A derived question from this one is “Why has EfW not yet been successful in the UK?” 
However, this topic will be analysed under the question in section 5.3.8 where the 
question is: What are the barriers for EfW to be considered a valid option?
5.3.5 What are the maximum/minimum inputs/outputs of an EfW 
plant?
At this stage of the EngD, this question is really difficult to answer; however, some 
preliminary calculations for the amount of energy per unit of MSW have been made. 
These calculations are based on the proceedings of the “Proven technology from 
Europe?” conference (Horne 2006) and also on the UBA report (UBA 2002) which is 
referenced in the BREF document for waste incineration (Institute for Prospective 
Technological Studies 2005).
When analysing the energy output of an EfW plant, it is very important to know how 
much energy is produced for a given amount of waste in kWh per tonne. The 
produced energy is subject to variability because the quality of the waste may not be 
consistent specially with not pre-processed MSW or biomass. These fuels have a 
lower calorific value around 8 to 12 MJ/kg (UBA 2002). Another variable to consider is 
the process to produce the energy and the type of energy produced, however some 
rough answers could be provided.
A medium scale mass incineration plant (commonly referred in the literature as an 
energy-from-waste plant) that generates electricity from a steam cycle has efficiency 
percentages around 20 to 25%. Steam is risen in the boiier and then expanded in a 
turbine and in this process around 500 to 600 kWh of electricity are produced and 
much more energy is rejected as heat in the condenser.
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When the fuel is gasified or introduced in a pyrolysis unit, the efficiency is lower than 
the mass incineration process due to the parasitic losses in the plant equipment (the 
gasification chamber operates at high temperature). Another factor that reduces the 
efficiency is the additional steps involved in the transformation of energy e.g. the 
produced synthetic gas is burned in an internal combustion engine or in a turbine. The 
efficiency range for these technologies is 15 to 22% and the amount of electricity 
produced is 400 to 500 kWh per tonne of MSW (Horne 2006).
The UBA report (UBA 2002) mentions a similar range of energy output: 300 to 700 
kWh of electricity depending on the waste low calorific value, plant size and steam 
parameters. When the heat output is also put in the balance (e.g. cogeneration) the 
energy output might increase to 1.25 to 1.5 MWh when full-load hours are recorded 
depending again on the same parameters.
As a comparison, the efficiency of a combined cycle gas turbine can reach 50% and a 
gas engine can reach efficiencies of 35% in electricity production.
5.3.6 What is the best overall option for energy and waste 
management?
The answer to this question is going to be very difficult based on the point that 
comparing the different options will not be possible because of the various parameters 
involved. An adapted list of possible reasons for this comparison being that difficult 
has been adapted from Biffa (Biffa 2003):
• Different studies use different waste feeds
• Some technologies (e.g. gasification and pyrolysis) have only been proven at 
pilot or test scale, not at fully commercial scale.
• Different gas clean-up technologies are used
• New processes are developed without much comparison with the best 
performing competing technologies
• Operators are secretive about operating costs and parameters.
5.3.7 What are the foreseeable changes in technology I legislation I 
management practices / etc. and how they might affect EfW 
and its integration with building services in the future?
The foreseen evolution of the landfill tax from current values to up to £35 in the future 
would definitely affect the economics of all waste management strategies and EfW 
proposals.
The landfill directive progressively bans the disposal of organic material to landfills. 
The capacity of certain EfW technologies to deal with organic matter and produce 
energy might position them ahead of other options in the near future. Some more 
bans are also being implemented now or in the near future (e.g. tyres) and 
technologies that could deal with them and provide further services would have an 
advantage.
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In the past, there have been several changes and contradictory targets in the UK 
waste management strategy as different policies reflect:
• 1990 -  The Environment White Paper
• 1995 -  Making Waste Work
• 1999 -  A Way with Waste
• 2000 -  Waste Strategy 2000
This past unstable framework should warn developers and investors that some 
changes should be expected and that it is necessary to participate in the consultation 
processes to be in advance when foreseen legislative changes.
5.3.8 What are the barriers for EfW to be considered a valid option?
Researching the answer to this question will be a significant part of the EngD as well 
as the suggestion of measures to overcome these barriers.
This question could be approached from different points of view with questions like:
• What are the resistances for the development of EfW?
• What minor modifications could be done to facilitate the immediate
incorporation of EfW into building services?
• Why EfW is not always considered as an option on projects?
• What are the reasons for the barriers?
• How they could be solved for these resistances?
The House of Commons Environment, Food and Rural Affairs Committee have 
identified four key points in their fourth report of the 2004/5 sessions (Environment 
Food and Rural Affairs Committee 2005) that prevent EfW to be fully developed in the 
UK, they are:
• The quality of data on waste;
• Uncertainty in the regulatory and legislative framework;
• Lessons to be drawn about the negotiation and implementation of European
legislation;
• Resources available for the enforcement of environmental policy.
On chapter 4 of the UK’s waste strategy document “Waste not, want not” the barriers 
for a more sustainable approach to waste management are outlined they are (Strategy 
Unit 2002):
• Waste management has not been a priority area on political terms;
• There has been a lack of public awareness on waste issues;
• The economic and regulatory framework has posed barriers rather than 
incentives;
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• The delivery structures of the waste strategy have been complex i.e. 
responsibility, funding, and policy in different Government departments or 
Bodies and
• The planning permissions are always costly and time-consuming processes.
Some other points that will need to be developed to provide a comprehensive answer 
are just enumerated here:
• Long-term waste supply contracts. They are difficult to set and have to have a 
long life span to ensure the economic viability of the projects. LAs have 
contracts with private contractors to take care of their waste and those 
contracts are difficult to break or renegotiate to incorporate EfW. In the UK, it 
can happen that the collection and the disposal authorities are not the same. 
This two-tier approach yields many bureaucracy and ineffectiveness to the 
whole process (Strategy Unit 2002).
• There is a gap between the national strategy and the local authority scope and 
objectives.
• Economies of scale for the local authorities. A single local authority may not be 
big enough to need an EfW plant, so it will discourage its construction, but if 
two or more nearby councils come together, the economies of scale may put 
the project as the best technical solution.
• Required investments are a big barrier. However, the investment is 
proportional to the scale to a certain extent, and if EfW technologies are to be 
applied to small-scale projects, the required investments should not be that 
high.
• Bureaucracy. When dealing with EfW companies will be handling waste hence 
they must comply with waste regulations. In the UK, this means that they need 
to have a waste handling license, have the site licensed and other 
administrative burdens.
• Legislation. There is a more stringent regulation on waste incineration than for 
other traditional fuels. That regulation is the Waste Incineration Directive or 
WID 2000/76/EG and it is transposed in England and Wales by the Waste 
Incineration Regulations described by the SI 2002 number 2980 and the 
Pollution Prevention and Control Regulations by the SI 2000 number 1973. 
Even in the case of co-firing, the maximum amount of waste that can be mixed 
with other “traditional” fuel is limited to 2%.
5.3.9 What is the stakeholders’ current and future perception of 
EfW?
The answer to this question will be intrinsically related to the previous section, 
because most of the barriers are expected to be social rather than technological or 
economical as other countries reflect. Stakeholders' opinions and point of views on 
the future of EfW will be relevant in the process of suggesting mechanisms to 
overcome the spotted barriers. If the stakeholders’ desires are known, customised 
solutions could be proposed to achieve them and facilitate the deployment of EfW 
technologies in the UK
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In the process of finding the answer to this question, the stakeholder opinions will be 
gathered using social research methods.
5.3.10 What are the current technological limits?
These questions will be investigated once the research on all the technologies would 
be complete and the state of the art of the technology would be known. Technological 
limits will be in the form of maximum and minimum sizes, processing capacities, 
maximum acceptable temperature and pressures, etc.
6 Next steps
In this chapter, the next steps in the EngD are described according to the objectives 
sketched in chapter 3. The logical next step once the starting ground has been set up 
in this report and the literature review will be the analysis of relevant EfW technologies 
and how they can be integrated within building services.
During the next six months, different EfW technologies will be analysed. Each of them 
will be scrutinised under an economic and technical perspective; a list of strength, 
weaknesses, opportunities and threats will be summarised for each of them and the 
most suitable waste stream for each of them will be identified. During that period, a 
study of the feasible scale for each of the different technologies will be done to 
investigate their possible integration with building services.
In order to do all these, the following tools, already described in section 4 will be used:
• Case studies.
• SWOT analysis.
• Economical analysis.
• Waste analysis.
In the course of the next six months, the EngD conference will take place and a 
conference paper on the different EfW technologies would be produced summarising 
most of the conclusions achieved in the next six months of the EngD.
In the long term, the objectives stated in chapter 3, will be pursued and further detail 
on how they will be approached will be produced in the forthcoming six month 
reports.
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Appendix XIII. 12 month progress report 
1 EXECUTIVE SUMMARY__________________________
This is the twelve month report of the Engineering Doctorate (EngD) project “Using 
waste-to-energy technologies as part of building energy systems -  an analysis of 
engineering, environmental and financial impacts,” begun on the 12'  ^ of September 
2005.
This report is follows the six month report document and develops fonvard some of 
the points mentioned in it.
The general aim of the EngD as stated in the six month report was: “ Investigate the 
integration of EfW technologies and processes with building services.” The short term 
objectives that were fixed for this second semester were:
• Analyse different energy from waste (EfW) technologies under an economical 
and technical perspective and characterise them (e.g. scales, inputs and 
outputs, etc.) and
• Produce a paper for the EngD conference.
At the moment of writting this twelve month report, the EngD's aim remains 
unchanged; however, the objectives to achieve it during the second semester have 
been slightly modified as reflected in section 2. That section also describes the 
activities carried out during the last six months with the obstacles found to complete 
the established objectives, the reasons for the new objectives and a d
The two main topics investigated during the second semester of the EngD have been 
waste benchmarking and anaerobic digestion (AD) and the findings have been 
summarised in the respective sections of this report. Advanced thermal technologies 
(ATT) have also been investigated although not in the same detail as AD.
For the next semester, the following objectives have been established:
• Complete the database of waste arising figures in different locations as well as 
gather the composition and percentage of recycling of each waste stream for 
different types of building use and developments.
• Characterise individually the incineration, gasification and pyrolysis similarly as 
the exercise with AD presented in this report. At the same time, give an 
overview of MBT and plasma technologies.
• Seek contact with relevant people in the EfW field and attend to the 
appropriate conferences in order to keep to date with latest developments and 
to network with key players and stakeholders.
• Prepare a paper to present the waste benchmarking tool.
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It is also desired that before the second year of the EngD finishes, the following tools 
will be ready:
• Benchmarking tool. By using the information compiled from different sources, 
create a tool that will allow to estimate the residual waste arising and 
composition of any given development
• A waste-technology-building services map that will help to select the most 
appropriate EfW technology, or at least to discard those that are not relevant, 
for a given set of waste supply and building services demands.
The quantities and composition of the residual waste that would require treatment on 
a possible EfW facility need to be estimated at the early stages of a project. In order to 
do so benchmarks on quantities, composition of generated waste as well as 
percentage of recycling of different streams are required. This information has been 
compiled into the relevant section of this report and the development of a waste 
benchmarking tool has been proposed for the future. It will allow estimating residual 
wastes quantities and composition for any given development.
An analysis of AD under environmental and technological criteria has been carried out 
during this semester and the results are presented in section 4 of this report. The AD 
process has been described as well as its inputs, outputs and operating parameters. 
The strength, weaknesses, opportunities and threats of the technology have been 
highlighted and the possible plant scales have been summarised. Finally, some 
existing plants have been used as case studies and benchmarks on the performance 
of these have been provided for future comparison.
A section on ATT, with less detail than that on AD, covers incineration, gasification 
and pyrolysis under the same headings as the AD section. It presents a description of 
the technologies, the types of plants, their characteristics and their inputs and outputs 
together with some information on scales. Nevertheless, this information is not fully 
complete and will be further developed in the eighteen month report.
Included in the appendices of this report there is a summary of the relevant projects 
that have been used to explore the research objectives of the EngD as well as a 
summary of the conferences attended. Finally, the abstract and a reduced version of 
the poster for the EngD 2006 conference are also included as an appendix to this 
report.
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2 PROGRESS TO DATE AND OBJECTIVES FOR NEXT 
SEMESTER.
This section presents the progress made to date with regard to the objectives set in 
the six month report, a description of the activities carried out during this six months 
and sets up the objectives for the next six month period.
The general aim of the EngD was set in the six month report as: “Investigate the 
integration of EfW technologies and processes with building services.” In order to do 
that, the following objectives were fixed for the second semester:
• Analyse different EfW technologies under an economical and technical 
perspective and characterise them (e.g. scales, inputs and outputs, etc.) and
• Produce a paper for the EngD conference.
In this twelve month report, the EngD’s aim remains unchanged; however, the 
objectives to achieve it during the second semester have been slightly modified. They 
have been adapted to address problems highlighted by projects and during the 
research process and that were not spotted in the six month report.
Heat and 
Power
Waste
Figure 1. Integration of EfW with waste and building services.
The integration of EfW with building services, as sketched in Figure 1, requires 
investigation on the three involved parts and a clear understanding of the parameters 
that affect them, namely:
• Waste. It is the input to EfW process, but at the same time, is the output of 
economic processes hence influenced to them. Waste quantities, composition, 
amount of recycling, location, type of building/development, etc. are 
parameters that affect the viability of using waste as input to any EfW process.
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• EfW process. It is the link between waste and building services, if it did not 
exist, the resource and energy loop would not be closed. There are different 
EfW processes although we will pay attention mainly to anaerobic digestion, 
advanced thermal treatment (i.e. incineration, gasification and pyrolysis) and 
plasma plus some of the other process that are usually associated like 
composting and the auxiliary operations like sorting, shredding, etc.
• Building Services. The energy required for the building services, which will 
provide comfort and services to the buildings' occupants, should be matched 
by the EfW process’ outputs. Similarly to waste, building services have a great 
variability depending on type of building, climate, building’s occupants, 
maintenance, building design, etc.
When this scheme was tried to be put in practice, the integration between waste, EfW 
technology and building services proved very complicated because it was needed to 
be done “a priori” therefore the former and the latter needed to be estimated and the 
technology chosen based on the estimated figures with all their uncertainties. The 
reason behind carrying out the exercise “a priori” is because addressing the waste 
issue is being considered necessary as an integral part of the sustainability of future 
projects. Another reason is that certain regulations like the request from the Great 
London Authority (GLA) to have 10%, or even double as it is being proposed (GLA, 
2006), of the energy demand of a new development produced on-site by renewable 
energy is creating the market for it. These two issues are supporting the main aim of 
the EngD to address holistically the waste and energy in building problems hence are 
an answer to the research questions: “Why EfW?” and “Why EfW integrated with 
building services?”
In the first six months, characterising each technology on the grounds of 
inputs/outputs, scale, SWOT analysis of economic, technical and environmental 
grounds, limitations and showing state of the art case studies was deemed necessary 
and as such, reflected as an objective for the second semester. However, at that time, 
it was not detected that other key information was also essential. These missing data 
were waste benchmarks that will allow estimating quantities and composition of the 
residual waste and also recycling figures for different waste streams. Moreover, this 
set of figures was required for different types of buildings and for different countries.
Consequently, it was urgent to browse for these figures. The collected information 
was used in the Kazakhstan Entertainment Centre, the Brewery Square and the 
Madaba University in Jordan projects to calculate approximately their waste arisings.
After such a number of projects, it was perceived that estimating the waste arisings 
and composition of a development could be required in many more, so a systematic 
approach was required and this task turned itself into a major objective of the past 
semester.
The next step in the integration of EfW with building services, after estimating waste 
quantities and composition, is to suggest the most appropriate technology to deal 
with a given type of waste but that at the same time would fit with the building
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services’ demands. Therefore, it was not enough to characterise each EfW 
technology, but a method of selecting a technology for a given amount of waste and 
certain energy requirements for the building services was compulsory. Generating a 
map to help in this complicated task can be seen as a contribution to knowledge and 
as one of the objectives of the next year.
There was no need to investigate on benchmarks for building services like heating, hot 
water or electricity demand in dwellings, offices, hotels, etc. because there is plenty of 
literature that contains that information like Good Practice Guides from the Energy 
Efficiency program of the UK’s government, industrial bodies, e.g. CIBSE (2004) and 
BSRIA (2003), guidelines and benchmarks, etc. Most of these have been used when 
producing the Energy masterplanning report for the future development in Brent Cross 
Cricklewood where the energy demands, peak and yearly, were estimated in order to 
obtain the likely carbon dioxide emissions and be able to size the required renewable 
energy sources required to gain planning permission.
The two requirements mentioned above, i.e. waste arisings and composition figures 
as well as recycling rates and a method for selecting the most appropriate EfW 
technology for a given set of inputs and outputs, were established as research 
objectives because nothing was found in the literature comprehensive enough about 
them. Together with the characterization of the different EfW technologies, these three 
objectives have been investigated between the six and twelve months and they will be 
carried forward to the next semester to further develop them.
The characterization of EfW technologies objective has not been fulfilled completely 
during this semester because of the other objectives set up to address the problems 
mentioned above. Nevertheless, anaerobic digestion has been fully characterised and 
a brief overview on the group of advanced thermal technologies (ATT) i.e. incineration, 
gasification and pyrolysis has also been included in this report. An individual 
characterization of each of the advanced thermal technologies is required but it will be 
carried out in the next six months as well as the characterization of plasma. Although 
they are not strictly EfW technologies, composting and MBT will be analysed during 
the next semester but in less detail because they usually appear associated with AD 
and ATT in a holistic waste management practice.
In order to address the new objectives set up during this second semester two tools 
will be developed; during the next year:
• A benchmarking tool, probably in the form of a spreadsheet, to estimate waste 
arisings for a given development and
• A waste-technology-building services map that will try to pinpoint the most 
appropriate technology for a given combination of inputs and outputs, or at 
least to discard unsuitable technologies.
In this second semester, information on waste arisings, composition, recycling rates 
and changes over time for different building uses have been gathered. It will form the
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database of the waste benchmarking tool and in the next semester, they will be put 
together into a spreadsheet.
The map will be developed during the next year when more information is compiled 
about EfW technologies, their scales, inputs, outputs, etc. and enhanced and fully 
completed before finishing the second year of the EngD.
The second objective that was fixed for the six to twelve month period was the 
presentation of a paper at the EngD conference. This objective was fulfilled by the 
presentation of a poster preceded with an extended abstract that can be found in the 
appendices.
During the course of this second semester, the following conferences and seminars 
have been considered interesting and relevant for the EngD:
• IRC Dublin, Irish Water, Waste & Environment and Irish Recycling & Waste 
Management exhibition (Mar 06)
• STRAW (Sustainable Transport of Resources and Waste) launch (May 06)
• Chartered Institution of Waste Management 2006 conference (June 06)
Another activity developed during the second semester, which is an intrinsic part of 
the EngD, is the collaboration in real life projects as long as they are helpful for the 
research. Some of them have already been mentioned, but the following list presents 
all of them:
• Brent Cross Cricklewood energy masterplanning.
• Brewery Square Dorchester
• Steiner Academy.
• Kazakhstan - Han Chadiri Entertainment Centre
• Madaba University in Jordan
A brief description of each project as well as the inputs and relevance of each of them 
in terms of the research can be found in the appendices as well as a brief summary of 
the conferences attended.
Yet another task that is crucial for the EngD is networking with relevant people in the 
areas of interest for the EngD. It was not fixed as a concrete objective for this period, 
but it is one of the research steps required for the fulfilment of the EngD aim because 
it will allow to step in solid ground when pushing then knowledge boundaries and 
together with the assistance to conferences will ease the task of being up to date by 
direct exchange of information and work. It is a task that it is not simple at the 
beginning, but during these six months, the following people have been contacted:
• SLR Consultants Ltd. These waste consultancy company is working in the 
waste part of the Brent Cross Cricklewood project. An interview was held with 
one of their technical directors while researching for information on advanced 
thermal treatment.
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• M-E-L Research. This company is specialised in Measurement, Evaluation and 
Learning. During the exhibition at the CIWM 2006 conference they were 
approached to investigate their capabilities and information regarding waste 
benchmarks. Although it was not evident if there could be a relationship, some 
of their reports show that they may have in-house tools and extensive data to 
estimate waste arisings, composition and recycling rates therefore a future 
collaboration will be sought.
• Roberto Voguel. Roberto is a consultant with more than ten years experience 
in the incineration field in the UK and mainland Europe and has worked with 
Buro Happold before in projects like Eden. It has been set up a working 
relationship with him in which access to his project and reference libraries has 
been granted in exchange of refreshing and updating the labelling and 
electronic filing.
This network of people is desired to grow in the future, so as a secondary objective, 
more contacts and work relationships will be sought in the following semester. 
Similarly, in order to keep up to date with the latest technologies, legislative changes, 
new developments, etc., in the next semester it is intended to attend the same 
number of events as in the previous and write a summary of each of them.
Finally, another objective for the next six months is to prepare a paper to be presented 
in a relevant journal or conference with the possible topic of the waste benchmarking 
tool. In parallel with the developing of the tool, the most appropriate journal or 
publication will be sought to publish the findings of the EngD research in this field.
3 WASTE BENCHMARKS._________________________
This section introduces waste benchmarks on arisings, composition and recycling, 
that are necessary to characterise the residual waste in a development before 
identifying the best EfW technology to deal with demands of building services and 
waste.
These figures have been collected from different sources and collated together here; 
however, this section does not present a critical review of the figures, hence there is 
no analysis of the figures presented in each section about their consistency, 
relevance, etc. Such a critique is intended to be carried out during the next semester.
3.1 Introduction
The guiding principle in the UK on waste matters is the waste hierarchy as reflected in 
the Waste Strategy 2000 (DETR, 2000), that is currently under review. According to 
the waste hierarchy levels of: Reduce, Reuse, Recycle, Energy Recovery (i.e. EfW) and 
Disposal. Recycling should not compete with energy recovery because it is higher in 
the hierarchy hence it should be encouraged on a general basis, although this should
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be reassessed in every particular case. Consequently, only residual wastes, i.e. 
wastes that cannot be recycled or when recycling them is counterproductive from an 
environmental, economical or social point of view, should be considered when 
choosing and sizing an EfW plant.
The amount and composition of waste is required when trying to integrate any EfW 
technology with building services in any development. Waste composition is highly 
relevant because depending on it, certain technologies are more suitable to treat 
and/or extract energy from waste than others. Apart from the composition, the amount 
of waste conditions plant scale and the ancillary equipment (e.g. pre and post­
processing).
One of the problems faced when estimating waste figures is the large number of 
possible building uses i.e. waste produced in a household has a different composition 
than the one produced in offices, hotels or cinemas for example. However, waste also 
changes with other factors like:
• Usage patterns. The waste produced in a school during non-term and term 
seasons.
• Location. Waste from rural and urban areas differs in quantities and 
composition.
• Time. As a country develops, the amount of waste it produces, usually 
increases and composition changes, e.g. Jordanian waste composition has 
evolved with time reflecting an increase use of packaging, more offices and 
more circulation of newspapers thus more plastics and paper and less organic 
waste from fresh vegetables and food leftovers. In the UK, this trend has 
reversed possibly due to changes in consumption patterns resulting in unused 
food being disposed of.
Another aspect that needs to be known when assessing the suitability of an EfW plant 
in a development is the rate of recycling. Recycling can be done by different methods: 
separate bins (e.g. households), dedicated recovery services (e.g. paper collection 
schemes in offices) and collection in civic amenities. Recycling “at source” changes 
the distribution of waste fractions because it removes recyclable streams (e.g. paper, 
metals, etc.) from the general waste stream before it is collected thus modifying the 
composition of the so-called “residual waste”. Certain waste streams (e.g. paper) are 
more recyclable than others (e.g. fines) hence the percentage of recycling changes 
with the waste stream.
It first became evident that such information was necessary at the Brewery Square 
project in Dorchester where EfW was considered a possibility to enhance the 
sustainability of the project by dealing with energy and waste problems on-site. EfW 
was considered because of the benefits of treating the waste locally and the capacity 
of providing energy back to the development; however, prior to identify the best EfW 
technology it was required to know the type and amount of waste that was likely to be 
processed. Subsequently, similar data were required for other projects, e.g. 
Kazakhstan Entertainment Centre and Madaba University in Jordan, which reinforced
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the need for the data. Each of these projects was a new challenge because of its 
particularities further research was necessary; the information collected in each of 
them has been used to create a larger waste database that will grow with information 
from projects, etc.
Data on arisings, composition and recycling rates, is scattered, old or non-existent 
and focused mainly in municipal solid waste (MSW). This point is confirmed by Hogan, 
“Data on the generation of waste from commerce and service activities are very 
scarce and connected with substantial uncertainties. This is due to the fact that 
commercial waste is partly collected as municipal waste and partly as 
industrial/commercial waste. Even when figures are found, there are barely 
comparable because of the disparity of criteria used, e.g. some include construction 
and demolition waste in the commercial and industrial when others do not” (Hogan, 
Cunningham et al., 2004). The same idea was supported by a report generated for the 
“Sustainable Transport of Resources and Waste” project: “Data availability on 
industrial and commercial waste arisings and composition is considerably more 
limited than with MSW.” (STRAW, 2006).
This lack of data is acknowledged in section 2 of the “The DEFRA/WAG waste data 
strategy for waste streams across the UK” document published in by the department 
of food and rural affairs (DEFRA) (2006a) that tries to set up the development and 
implementation of a new, three year data strategy covering all waste streams in the 
UK with the exception of radioactive waste. In order to address this absence of UK’s 
waste data the following tools have been set up and their use by Local Authorities 
(LAs) and companies is encouraged:
• WasteDataFlow (DEFRA, 2004). This tool succeeds the Municipal Waste 
Management Survey and has to be used by LAs to record their waste 
management activities. It went live April 2004.
• “Waste Benchmarker Tool” from the Environment Agency (Environment 
Agency, 2003). It is a web-tool based on the National Waste Production Survey 
carried out in 1999 and updated with some commercial and industrial data 
from a more recent survey in 2002-03.
However, data from those sources are not useful “as-is” for choosing the most 
appropriate EfW plant and sizing it at the early stages of a development. The reason is 
that data are not expressed consistently and therefore need to be normalised to a 
common unit to be useful. Additionally, these tools do not cover all the possible 
building uses, locations, etc. so further research is still required to compile more 
information from other surveys, planning applications, environmental impact 
assessment (EIA) reports, etc.
Benchmarking is used in fields like business, energy, etc. with different purposes, for 
example: strategy, comparison with others or assessing internal performance against 
targets. The benchmarking exercise that is likely to be carried out at the early stages 
of a development falls inside the strategic category, but once the development is 
being used, utilities managers could use comparison benchmarking to assess how a
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development performs, in waste terms, in relation with other developments, national 
“best practices” or even international outstanding developments.
3.2 Methodology
No standard methodology could be identified as general practice to assess the waste 
arisings and composition of developments. Therefore, the most comprehensive 
method found has been used. This method is explained in the “Planning for resource 
sustainable communities: Waste Management and Infrastructure - Code of Practice. 
Vol. 1.” (ICE, Forward Scotland et al., 2005). Apart from a description of the 
methodology, the report provides some useful benchmarks.
The benchmarks that can be found in the literature are expressed as mass (e.g. 
kilograms or tonnes) or volume (e.g. litres) of a certain type of waste (e.g. general, 
organic, metals, paper, etc.) that arise per unit (e.g. household), area (e.g. per m^ ) or 
per waste generating individual (e.g. employee) per unit of time (e.g. day, week or 
year). For estimating the quantity of waste that will be produced by a development, 
benchmarks need to be normalised to m  ^ by multiplying by appropriate conversion 
factors (e.g. average size of dwellings, number of employees per m ,^ etc.) and referred 
to a fixed period i.e. a year. It should be noted that every transformation of the original 
figure adds variability to the benchmark.
This method of benchmarking waste production is very useful for masterplanning 
purposes and for comparing buildings but it may not be very accurate to reflect waste 
arisings from bigger or smaller businesses in economic terms. For the latter, 
benchmarks reflecting kilograms of waste per £1000 of turnover or similar may be 
more appropriate.
Finally, another aspect that needs careful consideration is the waste streams chosen 
to represent the waste. Different sources classify waste into streams, but they are not 
consistent to one another. Therefore, representative streams have to be chosen based 
on their ability to represent the different components present in general waste, be 
appropriate for the future selection of EfW technologies, have the possibility of be 
expanded should it be needed and do not overcomplicate the problem. According to 
these criteria the selected categories have been:
• Paper/cardboard. This category covers all paper and cardboard of all qualities 
ranging from newspapers and office printing paper to high quality glossy media 
for pictures.
• Metal. All metals are included in this category
• Glass. Not necessary for EfW.
• Plastic. Different types of plastic are covered by this category like
polyethylene, polypropylene, etc. They can be in the form of plastic films, bags, 
bottles, etc. but due to the difficulty in identifying them, they are all under the 
same category.
• Putrescible. This category includes all biodegradable waste from food
leftovers, green waste, livestock manure, carcasses, etc.
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• Other, Waste that does not fit in the previous categories.. Some examples 
could be fines (e.g. dust and sand), batteries, inert mineral materials (e.g. 
quenched and cake ashes) and mining residues, tyres, etc.
All these data need to be organised into a comprehensive format so that it can be 
useful in the future and allow a quick evaluation of waste for a preliminary analysis but 
also a starting point for a more detailed analysis of any given project.
The data required will be the quantity of waste produced by a given type of building, 
its composition in percentage for each of the waste categories and the percentage of 
recycling of each of them. These data will be used as reference by the waste 
benchmarking tool to estimate waste arisings and composition of developments at 
early stages of a project. The inputs will be the areas of the buildings depending on 
their usage then, it will be allowed to select from different sources of information and 
consider or not recycling. The quantities of residual waste per category, will be 
presented in a simple format to ease the selection of the most appropriate EfW. This 
tool is currently being developed and preliminary versions have been used in the 
Brewery Square, Steiner Academy, Kazakhstan and Madaba University projects.
The following paragraphs present the sets of figures (i.e. quantities, compositions and 
recycling) for different building usages and the sources where they were obtained. 
Figure 2 puts them with the in context by reflecting the weight percentages per sector 
of the 333 million tonnes of waste produced in the UK in 2002/03 according to 
information compiled by DEFRA.
E stim ated  to ta l annua l w a s te  a ris ing s  by secto r: 2002 /3
0%
■
Agriculture
29%
Mining and Quarrying ^2%
Sewage sludge
■
Dredged materials 
Household
■
Commercial
■
Industrial
Construction and Demolition
14%
Sources: Defra, ODPM, Environment Agency, Water UK 11%
Total = 333 million tones
Figure 2 Estimated total annual waste arisings by sector 2002/3 (DEFRA, 2006b).
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The biggest contributors are “construction and demolition” (32%) followed by “mining 
and quarrying” (29%) then industrial and commercial (totalling 25%) and household 
waste (9%).
The construction and demolition waste group together with the mining and quarrying 
wastes and the dredged materials are not relevant from the EngD point of view 
because the only fractions that have some useful energy content (e.g. timber) do not 
guarantee a constant supply and are very dispersed.
In 2003/4, 9% of the total waste arisings came from households (DEFRA, 2006c). 
Despite their relative low contribution to the total waste production, policies, reports, 
studies, mitigation actions, etc. pay paramount attention to it. For example, there are 
targets for local authorities, known as Best Value Performance Indicators, to reduce 
the amount of MSW that is generated (BV 84) and to increase the percentages of 
recycling and composting (BV 82a and 82b).
3.3 Municipal solid waste
MSW and household waste are usually confused. This may be due to the fact that for 
England, in 2003/4, 87% of England’s MSW was from households (DEFRA, 2006c) so 
both categories are often assimilated; nevertheless, the exact definition is included in 
chapter 2 of the National Waste Strategy 2000 (DETR, 2000). In England and Wales, 
municipal solid waste is defined by the Environmental Protection Act 1990 (UK 
Parliament, 1990) and supplemented by the Controlled Waste Regulations 1992 (UK 
Parliament, 1992). It includes waste from household collection rounds, bulky waste 
collection, hazardous household waste collection and separate garden waste 
collection, plus waste from services such as street sweeping, litter and civic amenity 
sites and even waste from schools (DETR, 2000). In order to avoid this confusion, it 
will be made clear what type of waste , e.g. household or municipal, is being dealt 
with in every report summarised here.
The tool “Wastedataflow” (DEFRA, 2004) is expected to increase the quality of data on 
MSW by centralising waste information from LAs in a single database in order to allow 
quicker data processing and more accurate forecasts. At present, this tools presents 
the information in an arid format but it has been used by DEFRA and other organisms 
to update the most recent statistics about waste.
Waste variability is affected by different factors for example, the number of people in a 
household and their age group, e.g. older people produce less waste; however, no 
significant relationship has been found between the amount of waste generated and 
either method of collection or the socio-economic profile of the area (AEA Technology,
2004). A study in Wales (AEA Technology, 2003) identified that the only category for 
which there was a statistically significant seasonal variation in arisings was, 
unsurprisingly, garden waste.
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This section will present results from different surveys mainly from England, London 
and Wales, but also for Jordan where some research was carried out in order to 
estimate waste arisings for the Madaba University.
The most recent full survey on household waste in UK (DEFRA, 2006f) contains data 
from 2003/04 and the results reflect a production of 512 kg of waste per person per 
year with a 16.9% of recycling and/or composting totalling 87 kg per person per year 
and leaving 425 kg of residual waste per person per year.
In order to transform these figures into kilograms per residential unit, the average 
number of person per dwelling 2.3 people per dwelling can be used (National 
Statistics, 2004). Furthermore, for any development, it should be available at early 
stages of the project an estimation of the average area of the residential units to be 
included. For example in the Brent Cross Cricklewood project, the dwellings have an 
average area of 85 m^ Once this figure is available, the benchmark can be expressed 
as kilogram of household waste per m^  per year.
Table 1 reflects the waste arisings, total recycling and remaining waste of household 
waste for the UK in 2003/04 in different units as explained above.
kg per person kg per household kg per m  ^of dwelling
Waste arising 512 1178 13.9
Waste recycled/composted 87 200 2.4
Residual Waste 425 978 11.5
Table 1. Waste arisings and recycling in households in England 2002/03.
There are different methods of MSW collection for households as Figure 3 reflects. 
This reflects that not all MSW is generated by households and that not all of it is 
collected by kerbside schemes; some of it is collected in litter, street sweeping and 
bulky waste collection services and recyclable waste is usually taken to civic 
amenities or collected by recycling schemes running in parallel with regular household 
collection schemes. The distribution of how MSW is collected has barely changed 
since 2001 when it was quoted by Parffit {, 2002 #191
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MSW by origin 2003/04. (England)
16%
13%
55%
^  Regular household 
collection.
^  Other household sources
^  Civic amenity sites
O Household recycling
•  Non household sources 
(excl. recycling)
^  Non household recycling
Figure 3. MSW origin in England 2003/04 {DEFRA, 2006 #186}.
However, waste figures generally are not statio. Past evolution of household waste 
arisings could be used to forecast future trends, although new initiatives, legislation or 
an increase in public awareness of waste environmental impaots can affect the trend. 
DEFRA’s municipal waste survey shows an average increase of 2% in MSW waste 
between 1998/99 and 2003/04 whereas household waste showed a slightly lower 
average growth of 1.6% per annum. In 2003/04, the amount of MSW and household 
waste fell slightly for the first time, a reduction of 1.0% and 1.5% respectively on 
2002/03 that may reflect a success of recycling initiatives and programs.
Forecast for year 2004/05 from (DEFRA, 2006e) mentions 513 kg of total arisings, 115 
kg recycled or composted and 398 kg of residual waste per person per year.
It is possible to compare the UK figures with those from Europe where it is estimated 
that around 580 kg. of MSW was produced on average by each person in the EU-15 
countries in 2003 (DEFRA, 2006d).
Apart from the total quantity of MSW produced, it is necessary to know its 
composition. There are several studies on the composition of MSW across the UK at 
different scales e.g. region, county, city, etc. A summary of some of some large scale 
ones, e.g. covering England and Wales as well as London, is presented here. The 
results present some differences because they were carried out in different years and 
seasons, or in different environments (e.g. rural and urban). Some of these issues were 
identified by Parffit (1997) where he commented on the lack of data on waste and the 
problems to generate it, hence the difficulty of making predictions and formulate 
policies. Regrettably, ten years later, most of his thoughts are still applicable.
Some of the sources of information on MSW that are available and frequently updated 
are Municipal Waste Management Survey carried out by DEFRA (DEFRA, 2006f), the 
Open University study (Jones, Nesaratnam et al., 2006).
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The report “Analysis of household waste composition and factors driving waste 
increases.” by Parffit (2002) presents the composition of MSW in England and 
compares it with previous studies carried out for the Strategy Unit and for the England 
and Wales waste strategy 2000. The former was carried out by the Environment 
Agency with data from spring 1997 and shows a good match with Parffit’s results. The 
latter was also carried out by the Environment Agency with data from 1993/94 but it 
was criticised by Parffit for not covering seasonal variation and incorrect sampling for 
not representing the whole social structure. More recent reports have not been 
criticised on those grounds any more. Finally, it also contains a comparison with a 
MSW study carried out in 2002 at European level. A summary of the four surveys is 
presented in Table 2 with the categories reorganised to fit in the chosen waste 
streams.
WASTE
COMPOSITION
England and 
Wales Waste 
Strategy 2000
Strategy Unit Parffit Europe ESTO
Paper and Cardboard 32% 19% 23% 23%
Metal 8% 7% 6% 5%
Glass 9% 7% 8% 7%
Plastic 11% 7% 9% 12%
Putrescible 21% 42% 37% 34%
Other 19% 18% 17% 19%
Table 2. MSW composition in UK and Europe
Some other studies focus on the thermal properties (e.g. calorific value) and chemical 
elementary composition of MSW rather than on waste streams. Two of them are a 
report from task 36 of the lEA Bioenergy that deals with Energy Recovery from 
Municipal Solid Waste. (Scrum, 2001) and another report sponsored by Biffaward on 
thermal treatment of MSW (Biffa, 2003). Their findings are not analysed further in this 
report but they should be considered if the waste is thermally treated and/or gases 
MSW produce need to be cleaned.
3.3.1 London
There have been many studies on London and its different boroughs MSW. Most of 
them are referred and summarised in the report “Greater London Authority Waste 
Composition Scoping Study” by AEA Technology (AEA Technology, 2004) that covers 
waste collected through kerbside schemes, in civic amenities, recycled or even other 
sources of MSW like litter and sweeping.
The quantity and composition of London’s MSW are very similar to the results from 
the surveys of the whole country. The overall average weight arising for household 
collected waste in London is 13.4 kg per household per week ranging from 10.2 to
16.8 kg. These values are lower than typical values of 15-18 kg per household per 
week determined in other recent studies outside of London because of the
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particularities of London where there are fewer residents per household and a higher 
proportion of properties with little or no garden. The average composition of the 
residual MSW collected in the kerbsides in London is presented in Table 3.
WASTE
COMPOSITION London
Paper and Cardboard 28%
Metal 4%
Glass 8%
Plastic 11%
Putrescible 34%
Other 16%
Table 3. Waste composition in London (AEA Technology, 2004).
There has been a significant change in the composition of household collected waste 
in the UK since the early 1990s in terms of an increase in the weight per cent of 
organics and a decrease in the weight per cent of paper and card. The recent results 
for London and Wales show the same trend; that the paper and card content is now 
less than the organics content (AEA Technology, 2003; 2004) opposite to the trend in 
Jordan (Abu-Qudais and Abu-Qdais, 2000). The reasons for this change are out of the 
scope of the EngD, but the consequences of a changing “way of life” affect waste 
composition and EfW technologies must adapt to it.
3.3.2 Wales
A similar study on MSW from Wales was carried out by AEA Technology (2003) and 
the findings were very similar to those presented above with quantities of 17 kg of 
household per week of waste arisings with the composition reflected by Table 4 in 
which the categories of the report have been summarised into the chosen categories 
for this research .
WASTE
COMPOSITION Wales
Paper and Cardboard 25%
Metal 5%
Glass 7%
Plastic 11%
Putrescible 36%
Other 16%
Table 4. Waste composition in Wales (AEA Technology, 2003).
The composition is very similar to London and the whole of the UK with higher 
quantities of putrescible perhaps because of the higher number of properties with 
garden.
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3.3.3 Jordan
Four different studies (Abu-Hijleh, Mousa et al., 1998; Abu-Qudais and Abu-Qdais, 
2000; Alfayez, 2003; Mrayyan and Hamdi, 2006) analysed MSW composition and 
waste arisings in Jordan with the following results:
Alfayez. Abu-Qdaisb. Abu Hijleh. Mrayyan.
Paper/cardboard 15 % 11 % 7 % 16 %
Metal 2 % 2 % 5 % 5 %
Glass 2.5 % 2 % 4 % 7 %
Plastic 10% 16 % 5 % 13 %
Putrescible 60 % 63 % 59 % 56 %
Other 10.5 % 6 % 20% 3 %
Table 5. Composition of MSW in Jordan from different sources.
Regarding the quantities of MSW produced, all the reports agree on a figure of 1 kg of 
MSW per person per day in urban environments.
Jordanian MSW's composition evolution shows that the paper and cardboard fraction 
is increasing whereas putrescible waste is decreasing with time, opposite to the UK as 
previously commented. Again, the reasons for this may be out of the scope of this 
research, but it can be suspected that the use of more prepared food is related with a 
reduction of organic wastes and increasing number of offices and banks boost paper 
waste.
No information has been found on recycling in Jordan hence it is assumed that it does 
not take place although there is a growing environmental awareness (Alfayez, 2003) in 
the country that will be reflected in the future by incipient rates of recycling.
3.4 Industrial and commercial
In 2002/03, a national survey was carried out by the Environment Agency 
(Environment Agency, 2006a) to investigate the industrial and commercial waste 
production in England. The retail and wholesale sectors was the sector that produced 
more waste followed by the food and drink, general office and utilities sectors. The 
distribution of the 67,907 thousand tones of industrial and commercial waste 
generated in the UK in 2002/03 is presented in Figure 4.
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Figure 4. Industrial and commercial waste arisings in England by material 2002/3 
(Environment Agency, 2006a).
The survey also reflects some changes with respects to a similar survey carried out in 
1998/99. Retaii and whoiesale waste had increased by more than 45% whereas waste 
from more industriai sectors like basic metals, machinery, etc. had fallen. In total, 
commercial waste increased by 9.5% and industrial waste decreased by 8% with an 
almost negligible overall change in total quantity.
Despite the great relevance of such a survey, waste was classified quite broadly in 
general categories that are useless in an EfW context. For example, general industrial 
and commercial waste, named as mixed waste, is the bulk of commercial waste. 
Typically, it consists of paper and packaging, floor sweepings and general rubbish. 
However, when presented in that format it is neither possible to estimate accurately 
the waste composition nor to suggest the most appropriate EfW technology to deal 
with it.
Apart from the mixed waste category, the largest waste components are mineral 
wastes, which are mainly produced by industry, and non-metaiiic wastes, which 
include paper and cardboard, each comprising 20% of the overall total. Other 
significant streams are chemical wastes with metal and scrap.
Baseline projections indicate commercial and industrial waste arisings increasing from 
67.5 million tonnes in 2002/03 to roughly 86.3 million tonnes in 2019/20. These 
projections are based on a model of the UK economy which integrates a degree of 
decoupling between economic growth and waste growth based on the difference 
between modelled and empirical evidence from the 1998/99 and 2002/03 Environment 
Agency waste surveys (DEFRA, 2006h)
The rest of this section will present benchmark on waste arisings, composition and 
recycling for each stream if available, of different building uses.
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3.4.1 Offices
Figures about quantity of waste produced in offices differ greatly depending on the 
survey and publications.
For example, the waste production in an office per employee per year according to the 
Building Research Establishment (BRE) Office Tool Kit (Bartlett, Bishop et al., 1995) is 
200 kg/employee/year.
A survey of the waste from a multi-occupied office block in the City of London 
published in the Journal of Waste Management and Resource Recovery and cited by 
Waste watch (1995) mentions 192 kg/employee/year.
Another study carried out by Waste Watch (Waste watch, 2004) found that each 
individual staff member in the financial sector generates on average 496 kg of waste 
per year. However, it noted some caveats to this figure: it does not include waste 
generated through refurbishments, or the replacement of IT/office equipment or 
furniture and states clearly that the figure is an average and not a benchmark. It also 
refers to a best practice figure of waste generated of 200 kg per employee per annum 
and a recycling percentage of 70%
The report “Planning for resource sustainable communities” (ICE, Forward Scotland et 
al., 2005) gives a figure of 435 kg of waste arisings per employee per year in offices, 
however, it includes 121 kg of construction and demolition waste that are usually not 
included in other reports. Yet another report, this time from Ireland, compiles results 
from previous studies of non-MSW and cites figures of 248 and 547 kg of waste 
generated per employee per year in two companies of the banking, insurance and 
building societies sector in years 2002 and 2001. (Hogan, Cunningham et al., 2004)
From an EfW point of view, waste expressed as kg per employee per year could be 
useful; however, when forecasts need to be done, it is better to transform these 
figures into waste generation per area i.e. kg per m^  of office per year. In order to do 
this, a ratio of office area per employee is used as a conversion factor. Depending on 
the source. The Plumbing Engineering Services Design Guide (The institute of 
plumbing, 2002) mentions 14 mVemployee whereas in the report “Planning for 
resource sustainable communities” (ICE, Forward Scotland et al., 2005) ratios from
12.8 to 22 m  ^per employee are referenced for different types of offices.
Another source of information is the BS 5906:2005 (British Standards, 2005) that 
suggests a value of 50 litres per employee per week. It cites waste as volume rather 
than as weight because the standard is tailored for estimating storage space 
requirements for waste. Using the density value of 52 kg/m^ mentioned for the 
category “Finance /  Insurance /  Real Estate /  Legal”, which have been assimilated to 
offices, in the report by Cascadia for the California Integrated Waste Management 
Board (CIWMB) (Cascadia Consulting, 2006), the resulting figure is 135.4 
kg/employee/year. That study itself presents a value of 300 kg of waste disposed per 
employee per year.
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There is another type of benchmark used for offices, which refers only to the area of 
the office rather than the number of employees. For example, according to the 
Environmental Impact Assessment (EIA) for Nortstowe (South Cambridgeshire District 
Council, 2005), the expected waste arisings from 120,000 m^  of buildings intended for 
offices are 4,480 kg a day equivalent to 13.62 kg/m^ per year.
In a recent study in California (Cascadia Consulting, 2006), large office buildings on 
average generate 1,998 pounds of waste material per thousand square feet per year 
equivalent to 8.01 kg per m  ^ per year of which only 7% is diverted. Therefore, only 
7.45 kg/m^ of residual waste is produced per year.
Waste composition in offices is difficult to ascertain because most of the data found 
contained only waste streams as “general waste”, “ IT equipment” , “vending”, etc. thus 
useless for the purposes of the EngD. Another special characteristic of office waste is 
that some paper is considered confidential and it is usually taken out of the residual 
waste to be either recycled of completely destroyed confidentially. Nevertheless, 
some relevant information has been found and it is presented here.
There are different sources of waste in an office, according to a report by Waste 
Watch (Waste watch, 1995) on a multi-occupied office block in London. Firstly, are 
“part of the type of work taking place, such as paper, envelopes, packaging, printing 
and writing supplies. Secondly, there are wastes that result from the normal everyday 
needs of the people working on the premises. These include catering items, food and 
drink containers, cleaning materials and washroom requirements. A third, more 
intermittent, category is redundant equipment and furniture. There is little information 
from which to estimate the total amount of such wastes.” It mentioned that waste 
generated comprised 91% of paper, but that most of it was recycled leaving the 
composition reflected in the first column of Table 6
A posterior survey in 2002 by Waste Watch and published in 2004 shows generated, 
that is prior to recycling, waste composition in large offices dominated by paper and 
cardboard as reflected in Table 6. This study presented two interesting facts. The 
percentage of paper in the waste increased with the number of employees in the office 
and paper disposal in the electronic era has boomed contrary to what could be 
expected, because “ information is printed repeatedly rather than printed once and 
stored.” (Waste watch, 2004).
Table 6 contains the percentage of each waste stream according to different waste 
studies. It also states if the composition is of generated or residual waste i.e. after 
recycling.
WASTE
COMPOSITION
Waste
Watch
(1995).
Waste Watch 
Large office. 
2004
Cascadia 
Large office ICE
Hogan 
Small bank.
Type of waste: Residual Generated Residual Generated Residual
Paper/cardboard 83.0 % 60.0 % 50.3% 75.0 % 77.6%
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Metal 1.0 % 3.0 % 1.6% 3.0 % 1.4%
Glass 0.5 % 3.0 % 1.8% 2.0 % 0.2%
Plastic 9.0 % 7.0 % 12.5% 12.0% 11.5%
Putrescible 6.5 % 21.0 % 24.3% 4.0 % 9.2%
Other 6.0 % 6.0 % 9.5% 5.0 % 0.0%
Table 6. Composition of waste in offices according to different sources.
The putrescible content on office waste depends on the size, being minimum (~ 5%) 
at small offices and reaching percentages around 20% in bigger offices where it is 
more likely the presence of a canteen.
Waste Watch (2004) also stated that the average rate of recycling per site was 24%. 
Although the actual percentage of recycling varied from 69% to 0% depending on the 
office analysed. A 70% recycling figure was considered best practice. In the survey of 
the Irish banks, 50% of the paper, 62% of the office paper waste stream was 
recycled.
The study for the CIWMB (Cascadia Consulting, 2006) differentiates between 
generated, recycled and disposed similarly to the study of non domestic MSW of 
Ireland (Hogan, Cunningham et al., 2004) hence allowing calculating the percentage of 
each stream that is diverted. The recycling percentages for each waste fraction in 
large offices are presented in Table 7.
RECLYCLING Cascadia Hogan
Paper/cardboard 12.2% 57.7%
Metal 0.0% 0.0%
Glass 0.0% 0.0%
Plastic 0.0% 0.0%
Putrescible 0.0% 0.0%
Other 0.7% 0.0%
Table 7. Percentage of each stream recycled in offices waste.
3.4.2 Retail
Waste produced in the retail sector,has been found as the highest contributor towards 
commercial waste in the UK (Environment Agency, 2006a),despite this, it has not been 
thoroughly characterised. Knowing the main producers and the composition of retail 
waste could help in addressing a reduction of this type of waste and how to treat it 
better. This first step, i.e. analysing this type of waste, has been carried out in 
California where a detailed analysis of the waste generated by different types of retail 
found that the main waste streams in this category were paper and cardboard and 
plastic i.e. packaging. In the EU, there is currently a directive on “Packaging and 
Packaging Waste” (94/62/EC) (European Commission, 1994) that is implemented in 
the UK under the Producer Responsibility Obligations (Packaging Waste) Regulations 
2005 (UK Parliament, 2005b).
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A good practice guide on UK shopping centres (Envirowise, 2002) has suggested an 
average of 30 kg/m^ of waste per year is produced. At the same time, it mentions an 
annual growth of 3.7% per year.
Another source of information is the EIA from the Northstowe project (South 
Cambridgeshire District Council, 2005), where the estimated waste arisings from 
38,000 m^  of retail units are 4,500 kg a day or 43.2 kg a year per m .^
For retail, BS 5906:2005 (British Standards, 2005) suggests a volume of 10 litres per 
m^  of sales area in a shopping centre and the same figure for a department store. 
Densities ranging from 20 to 32 kg/m^ are mentioned by Cascadia (2006) for different 
types of retail.
In California, the amount of waste produced by big retail outlets was calculated as 
7,798 pounds, (2910 kg) per employee per year with the composition reflected in 
Table 8; however, 13% of it was construction and demolition waste that is included in 
the “other” category and may distort the figures. A 64% of recycling is reported hence 
the residual waste amount is 1,069 kg per employee per year (Cascadia Consulting, 
2006). Waste from small retail shops and from shopping malls was also surveyed 
although the results are not summarised in this report.
Ratios of 19 or 20 m  ^ per employee for food superstores and high street retail are 
mentioned in the “planning for resource sustainable communities” (ICE, Forward 
Scotland et al., 2005) in case they were required to transform benchmarks in the form 
of kg/employee/year into kg/mVyear.
The waste composition of a shopping centre in Ireland, without a supermarket, was 
used by the Irish commercial waste report (Hogan, Cunningham et al., 2004) to 
illustrate the composition of retail sector's waste and it is summarised in Table 8.
WASTE COMPOSITION Hogan. Shopping centre
Cascadia. 
Big retail outlet.
Type of waste: Residual Residual
Paper/cardboard 62.0 % 21.7 %
Metal 1.5 % 5.3 %
Glass 0.0 % 1.1 %
Plastic 28.0 % 16.0%
Putrescible 3.5 % 23.6 %
Other 5.0 % 32.3 %
Table 8. Composition of retail waste from different sources
The California study (Cascadia Consulting, 2006) gives the composition of the diverted 
waste stream, i.e. recycling, that accounts for 64% of the waste arisings. Similar 
figures are presented in the Ireland report (Hogan, Cunningham et al., 2004). From the 
composition of the generated waste and the recycled stream, the percentages of each
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waste stream that is recycled has been calculated and are reflected in the following 
table:
RECYCLING Hogan Cascadia
Paper/cardboard 72.8% 88.2%
Metal 0.0% 0.0%
Glass 0.0% 0.0%
Plastic 0.0% 5.1%
Putrescible 0.0% 3.5%
Other 0.0% 21.8%
Table 9. Percentage of each stream recycled in retail waste.
3.4.3 Hotel
For the planning application of the area around the Wembley Stadium, a proposal was 
submitted stating that a 52,100 m^  hotel with an occupation rate of 713 guests /  day, 
each producing 1 kg/waste per day, would produce 260 tonnes per annum of waste 
equivalent to 4.99 kg/mVyear
Large hotels in California on average generate 5,049 pounds, 1,884 kg, of waste 
material per employee per year of which 1,145 pounds, around 23%, is recycled per 
employee per year (Cascadia Consulting, 2006). Similar large hotels in Ireland have 
waste generation rates of 4.74 kg per room sold (Hogan, Cunningham et al., 2004).
The volume of waste produced by hotels according to BS 5906:2005 (British 
Standards, 2005) ranges from 150 to 350 litres per bedroom the higher figure 
corresponding to luxury hotels. The density of the waste produced by large hotels is 
40 kg/m^ according to Cascadia.
The International Business Leaders Forum's Tourism Partnership has published a 
report (IBLF, 2005) focusing on water and waste in hotels, and they provide the 
following guidelines on waste production in kg per guest per night:
Type of hotel Excellent Satisfactory High Excessive
Luxurious <0.6 0.6-1.2 1.2 -2.0 >2.0
Mid-range <0.4 0.4-1 .0 1.0 -1.5 >1.5
Small/Budget <0.6 0.6 -  0.8 0.8-1.5 >1.5
Table 10. Waste generation benchmarks for hotels (IBLF, 2005)
Hotel benchmarks are published in a wide range of units, and it is not easy to find their 
equivalence. For example according to CIBSE (2004), the average hotel room is 58 m .^ 
Another relation between the number of employees and the area of a hotel is given in 
the report by ICE (ICE, Forward Scotland et al., 2005) with figures of 40 m  ^ per 
employee in luxury hotels, 100 to 150 for mid-range hotels and 240 m^  per employee 
in serviced apartments. Finally, the relationship between guest and room and/or night
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depends on the occupancy of the hotel so it should be estimated in order to transform 
waste benchmarks.
The composition of the hotel waste residual waste from Hogan (2004) and Cascadia 
(2006) is reflected in Table 11. In Hogan's report, there are other results of waste 
composition in another two hotels.
WASTE
COMPOSITION Cascadia Hogan
Type of waste: Residual Residual
Paper/cardboard 32.3 % 37.2%
Metal 3.8 % 7.5%
Glass 4.7 % 0.9%
Plastic 9.7 % 11.4%
Putrescible 44.2 % 35.3%
Other 5.3 % 7.6%
Table 11. Hotel residual waste composition
The recycling rate in the three hotels analysed in the Ireland study by Hogan, was very 
high with figures above 70%. Thanks to the California study that publishes generated 
waste composition plus the diverted, i.e. recycling, and the residual composition, the 
percentage of each fraction that is recycled has been worked out and reflected in 
Table 12.
RECYCLING Hogan Cascadia
Paper/cardboard 32.4% 24.6%
Metal 2.0% 5.9%
Glass 97.6% 32.1%
Plastic 4.3% 3.5%
Putrescible 80.5% 24.6%
Other 40.1% 23.1%
Table 12. Percentage of each stream recycled in large hotel waste (Cascadia 
Consulting, 2006)
3.4.4 Catering
This section will cover waste generated in restaurants, fast-food establishments, and 
bars.
Waste generated in restaurants has been estimated at 3,269 kg per employee per 
annum by ICE (2005) and the composition has been reflected in Table 13. In order to 
translate waste per employee in waste per m^ , a ratio of 13 m^  per employee is 
provided in the same report.
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The report for the CIWMB by Cascadia (2006) mentions a generated waste of 6,437 
pounds, equivalent 2,402 kg, per employee per year in restaurants out of which 31 % 
is recycled thus the residual waste produced is 1,643 kg per employee per year.
BS 5906:2005 (British Standards, 2005) states a volume of waste of 75 litres per cover 
i.e. dining space. Cascadia uses a figure of 64 kg/m^ for waste produced in 
restaurants. Unfortunately, no figures have been found relating the number of dining 
spaces and restaurant area so that the figures in the British Standard can be 
expressed coherently with those of other sources.
The study on non-municipal waste in Ireland (Hogan, Cunningham et al., 2004) reflects 
the composition of a restaurant waste, but it does not provide a benchmark on the 
amount produced by it.
WASTE
COMPOSITION Hogan Cascadia
ICE
Type of waste: Residual Residual Generated
Paper/cardboard 33.7% 17.3 % 32.0%
Metal 6.6% 2.8 % 25.2%
Glass 0.3% 2.7 % 8.8%
Plastic 14.0% 7.3 % 15.0%
Putrescible 40.5% 66.5 % 5.4%
Other 4.8% 3.4 % 13.7%
Table 13. Composition of restaurant waste from different sources.
The percentage of recycling per fraction is calculated from data in the CIWMB and in 
Hogan’s report and the figures summarised in Table 14. The total recycling from 
Hogan’s is 9%.
RECYCLING Cascadia Hogan
Paper/cardboard 65.8% 0.0%
Metal 3.2% 0.0%
Glass 25.0% 0.0%
Plastic 14.5% 0.0%
Putrescible 14.1% 19.8%
Other 0.0% 0.0%
Table 14. Percentage of each stream recycled in restaurant waste.
For fast food outlets, the study for the CIWMB (Cascadia Consulting, 2006) has found 
a figure of 16,578 pounds, equivalent to 6,187 kg, of waste per employee per year but 
it has also found an impressive 70% of recycling resulting in 1,774 kg per employee 
per year being considered residual waste. The composition of that waste is reflected 
in Table 15.
WASTE Cascadia
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COMPOSITION
Type of waste: Residual
Paper/cardboard 33.0 %
Metal 1.6 %
Glass 0.6 %
Plastic 11.6 %
Putrescible 52.5 %
Other 0.7 %
Table 15. Composition of waste from fast food outlets
Thanks to the way the data in the Cascadia report (2006) is presented it is possible to 
work out how much of each waste stream is recycled. The values are presented in 
Table 16.
RECYCLING Cascadia
Paper/cardboard 55.9%
Metal 0.0%
Glass 85.0%
Plastic 2.3%
Putrescible 12.0%
Other 0.0%
Table 16. Percentage of each stream recycled in fast food outlet waste (Cascadia 
Consulting, 2006).
For bars, ICE (2005) estimates 1,403 kg of waste per annum per employee with the 
composition reflected in Table 17. No information is provided on the ratio of bar area 
per employee so assuming the same as for restaurants, the waste generated in bars 
can be expressed as 80.2 kg/mVyear.
WASTE
COMPOSITION ICE
Type of waste: Generated
Paper/cardboard 18.5%
Metal 11.7%
Glass 0.0%
Plastic 1.9%
Putrescible 15.5%
Other 52.5%
Table 17. Composition of bar waste (ICE, Forward Scotland et al., 2005)
3.4.5 Community and Leisure.
Spaces like art exhibition centres, convention centres, libraries, museums, cinemas, 
sport facilities etc. lie in this category.
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ICE’S report (2005) states that 928 kg of waste arise per employee per year in the “arts 
and cultural” category with the composition reflected in Table 18. The ratios of m  ^per 
employee for cultural attractions is 36 whereas for cinemas is 90, for amusement and 
entertainment centres is 40 and finally for sport centres is 90 m^  per employee.
WASTE
COMPOSITION ICE
Type of waste: Generated
Paper/cardboard 25.2%
Metal 0.6%
Glass 1.2%
Plastic 3.0%
Putrescible 35.5%
Other 34.5%
Table 18. Composition of arts and cultural waste arisings (ICE, Forward Scotland 
et al., 2005).
For sporting facilities, ICE’s report cites a figure of 797 kg per employee per year that 
can be translated to 8.85 kg/mVyear using the area to employee ratio mentioned in 
the same report. The composition is very simple being 64% putrescible waste, 24% 
metals and the remaining 12% is glass.
Unfortunately, no recycling figures are provided for these types of building use.
A figure of 100 litres of waste per m^  of entertainment centre or leisure complex is 
provided in the appropriate British Standard (British Standards, 2005). The density of 
the waste produced in “Public venues and events” is 67 kg/m^ according to Cascadia 
(2006).
The report for the CIWMB (Cascadia Consulting, 2006)has a category named “public 
venues and events” and presents the waste arisings as kg of waste per hundreds of 
visitor per venue or event. The average recycling is 29% hence from the 244 pounds 
of waste, 91 kg, generated per hundred visitors, only 64 kg end up being considered 
residual waste. The composition of this residual waste can be seen in Table 19.
RECYCLING Cascadia
Type of waste: Residual
Paper/cardboard 25.2%
Metal 0.6%
Glass 1.2%
Plastic 3.0%
Putrescible 35.5%
Other 34.5%
Table 19. Public venues and events waste composition (Cascadia Consulting, 
2006).
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As always, thanks to the way the figures are presented in the Cascadia’s report, the 
percentage of recycling per waste stream has been worked out and presented in 
Table 20.
RECYCLING Cascadia
Paper/cardboard 24.0%
Metal 57.0%
Glass 19.7%
Plastic 3.3%
Putrescible 37.2%
Other 69.3%
Table 20. Percentage of each stream recycled in public venues and event’s 
waste (Cascadia Consulting, 2006).
3.4.6 Education
The education sector has been carefully analysed and divided into subcategories: 
primary, secondary, higher and adult education. Only higher education and secondary 
schools will be presented in this report, but more information on waste arisings from 
educational premises can be found in the literature (Gilmour and Manns, 2001; ICE, 
Forward Scotland et al., 2005; Waste watch, 2005).
A general figure on recycling of 32% was provided by Waste Watch (2005) for the 
whole sector although the study carried out was not from a fully representative sample 
of the UK’s educational sector.
3.4.6.1 Higher education.
Hogan’s report (2004) accounts 335 tonnes of waste landfilled and 198 tonnes 
recycled annually, equivalent to 59%, by the Cork Institute of Technology that had 
8,800 students and 800 staff in 2001. Accordingly, waste production equates to 418 
kg/employee/year or around 60 kg/student/year. A similar study for the NUI and St. 
Patrick’s College Maynooth shows a higher ratio of waste with 90 kg/student/year.
ICE’S report (ICE, Forward Scotland et al., 2005) splits the waste produced in higher 
education facilities in different categories but the total waste generated equals 359 kg 
per employee per annum. It mentions a ratio of 77 m  ^per employee in universities that 
could be useful to transform benchmarks.
Two more reports present a composition of waste in higher education facilities and 
they are summarised in Table 21. The first one is from Waste Watch (2005) and the 
second is from the Environmental Association for Universities & Colleges (EAUC) 
(Gilmour and Manns, 2001). In the former, a figure of 96 kg of waste per student per 
year is provided, but it is mentioned that it is an average rather than a benchmark so it 
should be used with care.
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WASTE
COMPOSITION ICE
Waste
Watch EAUC
Hogan
Type of waste: Generated Generated Generated Residual
Paper/cardboard 23.1% 55.0 % 60.0 % 34.9%
Metal 3.1% 2.0 % 2.0 % 4.4%
Glass 5.3% 4.0 % 5.0 % 1.5%
Plastic 6.7% 17.0 % 6.0 % 14.9%
Putrescible 15.0% 18.0% 12.0 % 30.1%
Other 46.8% 4.0 % 15.0% 14.3%
Table 21. Composition of waste in higher education centres from various 
sources.
The recycling figures have been obtained from Appendix J in Hogan’s report. The 
overall recycling in the Cork Institute of Technology was 37% whereas the recycling 
percentage of each fraction is presented in Table 22.
RECYCLING Hogan
Paper/cardboard 16.9%
Metal 90.3%
Glass 9.3%
Plastic 0.0%
Putrescible 6.5%
Other 38.5%
Table 22. Percentage of each stream recycled in higher education waste (Hogan, 
Cunningham et al., 2004).
3.4.6.2 Secondary education.
Waste arisings and composition from secondary schools results are compiled here 
from some studies and surveys on this topic.
The Waste Watch report (Waste watch, 2005) cites a figure of 22 kg of waste per pupil 
per year in secondary schools, but again, it is stated that it is an average rather than a 
benchmark. The ICE’s report (ICE, Forward Scotland et al., 2005) gives a figure of 
1,625 kg per employee per year that with the ratio of 90 m^  per employee equals to 18 
kg/mVyear
The composition of the secondary education waste as mentioned by these two 
studies is reflected in the following table:
WASTE
COMPOSITION ICE
Waste Watch 
2005
Type of waste: Generated Generated
Paper/cardboard 64.3% 53.0 %
Metal 3.2% 3.0 %
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Glass 0.4% 2.0 %
Plastic 8.4% 14.0 %
Putrescible 10.8% 20.0 %
Other 12.9% 8.0 %
Table 23. Composition of waste in secondary schools from various sources.
As with the higher education sector, no recycling percentage has been found for this 
category but the general figure of 32% provided by Waste Watch (Waste watch,
2005).
3.4.7 Hospitals
Just a small fraction of hospital waste is hazardous; in fact, most of it is non- 
hazardous MSW. These have been investigated in 2002 at the Waterford Regional 
hospital in Ireland by Hogan (2004) with a result of 2.93 kilograms per bed per day 
equivalent to 1,069 kg per bed per annum.
The composition of the residual waste from hospitals as found by Hogan (2004) is 
shown in Table 24.
WASTE
COMPOSITION Hogan
Type of waste: Residual
Paper/cardboard 49.0 %
Metal 0.2 %
Glass 1.2 %
Plastic 16.1 %
Putrescible 15.9 %
Other 17.5 %
Table 24. Waste from hospital residual waste composition (Hogan, Cunningham 
et al., 2004)
The recycling rate of each stream has been worked out with the results presented in 
Table 25 and the overall recycling is 5.9% according to Hogan (2004).
RECYCLING Hogan
Paper/cardboard 0.0 %
Metal 83.3 %
Glass 0.5 %
Plastic 10.7%
Putrescible 2.1 %
Other 0.0 %
Table 25. Percentage of each stream recycled in hospital waste (Hogan, 
Cunningham et al., 2004).
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3.4.8 Supermarkets
Big supermarkets are another of the types of building for which information on the 
waste they produce has been gathered. The benchmarks found in the literature to 
express the waste generation may be useful when comparing supermarkets but are 
ineffective if intended to use at an early stage of a masterplanning. Nevertheless, they 
are presented for completeness.
Two supermarkets were surveyed in Hogan's report (2004) and the values of 7.5 and 
4.7 kg of waste per £1000 of turnover were obtained. Apart from these two 
supermarkets, from which residual waste composition is presented in Table 26, 
Hogan’s report contains information on the waste generated by the supermarket in 
Kerry that is also copied in Table 26.
WASTE
COMPOSITION Hogan
Kerry
Supermarket
Type of waste: Residual Generated
Paper/cardboard 14.9 % 70.4 %
Metal 1.0 % 0.7 %
Glass 0.0 % 0.6 %
Plastic 13.7 % 8.5 %
Putrescible 62.4 % 12.0 %
Other 8.1 % 7.8 %
Table 26. Composition of supermarket generated waste (Hogan, Cunningham et 
al., 2004).
The percentage of recycling for each fraction is the ratio of the amount diverted from 
the residual waste of each stream and the generated amount of that stream. In the 
case of the hospitals, it is reflected in Table 27 with information from Hogan again.
RECYCLING Hogan
Paper/cardboard 81.5 %
Metal 0.0 %
Glass 0.0 %
Plastic 21.5 %
Putrescible 12.6 %
Other 0.0 %
Table 27. Percentage of each stream recycled in supermarket waste (Hogan, 
Cunningham et al., 2004).
3.4.9 Transport-Airports
Waste benchmarks for transport have not been found but for a small section about the 
transport and communication sector in the Hogan’s report (2004) about non municipal 
waste in Ireland.
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The figures are presented in kilograms of generated waste by passenger and reflect 
waste collected from airlines and services in the airport terminal (e.g. restaurant) in 
year 2000. In Dublin Airport, the figure was 186 kg/passenger and for the Cork Airport 
420 kg/passenger with the composition reflected in Table 28.
RECYCLING Hogan
Paper/cardboard 50.0%
Metal 2.0 %
Glass 9.0 %
Plastic 12.0 %
Putrescible 24.0 %
Other 3.0 %
Table 28. Composition of air transport waste (Hogan, Cunningham et al., 2004).
The overall percentage of recycling was 13.4% always according to Hogan's report.
3.5 Conclusions
The data presented here is enough for a first approach to a wide range of 
developments in the UK, Europe and the north America although some adjustments 
may be necessary for reflect the particularities of each project.
In the next semester, this information will be compiled as a database that will be used 
by the waste benchmarking tool to allow estimations of residual waste composition 
and arisings for different types of buildings.
The figures presented in the report are not fully consistent reflecting the variability of 
waste; however, they will be completed by tracking similar reports those from 
Cascadia (2006) and Hogan (2004) to cover data gaps when they arise on a per 
project basis.
In order to conclude, the future waste benchmarking tool that will be based on these 
figures will present a first approach estimation of residual waste arisings and 
composition at early stages of a process and allow choosing the appropriate EfW 
technology for the type of residual waste and building services demand.
4 ANAEROBIC DIGESTION
This section describes anaerobic digestion (AD), its input and outputs, its advantages 
and disadvantages. It also presents case studies and the current status of AD in the 
UK and other countries. Landfill gas capture is mentioned briefly because it shares 
with AD many common points in terms of technology and application and, more 
important, the gas produced in both processes is very similar and therefore can be 
used in similar ways.
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AD is a naturally occurring process carried out by a particular group of bacteria that 
break down complex organic compounds in the absence of oxygen. This process has 
been engineered to control the parameters that affect it. From a waste perspective, 
the process is used to transform the organic fraction of wastes into biogas and a by­
product known as digestate that can be used as fertiliser or soil conditioner. From a 
building services perspective, the biogas can be used, usually after a cleaning 
process, in an internal combustion engine (ICE) for transport or in a gas turbine to 
produce electrical energy and/or heat that could be used to provide thermal comfort 
and energy. These characteristics make AD suitable as an EfW technology because it 
can be part of sound waste management and energy strategies.
This section also covers the technology that captures the mix of gases, mainly 
methane and carbon dioxide, which escapes through landfill caps and uses it, after 
cleaning, as fuel to produce heat and power. This process is known as “landfill gas 
capture”. The landfill gas is produced in conditions similar to those in an anaerobic 
digestion tank, but if they are not captured, they leak to the atmosphere with adverse 
effects on the environment because they contribute to the enhanced greenhouse 
effect. This technology should not be considered a solution itself or as a waste 
management tool but as a way of minimising the effects of releasing greenhouse 
gases in the atmosphere from existing installations while producing some useful 
energy.
Landfill gas capture technology is similar to AD technology. However, in the AD tank 
the process is controlled whereas, in the landfill, the gas produced depends on the 
waste that was put there in the past; the rate of digestion and gas formation cannot be 
controlled. Nevertheless, the gas captured has a very similar composition, although 
more contaminated, to biogas from AD tanks; hence after cleaning it can be used in 
the same way, i.e. as fuel in ICEs or combined heat and power (CHP) units. Use in 
buildings is less attractive because the supply is more unreliable and suitable 
buildings are rarely located near a landfill.
AD technology is best suited for biodegradable wastes, also known as putrescibles, 
that do not have high lignin content (e.g. paper, grass and wood); such materials are 
unsuitable because they are only partially digested. Plastic, glass, metals and other 
waste streams are not appropriate and should be removed.
4.1 Description
Anaerobic digestion systems typically comprise a main tank oriented either vertically 
or horizontally or by a lagoon where the digestion process takes place, together with 
ancillary equipment like pumps and pipes, storage tanks, etc. The feedstock is 
introduced either by gravity or by mechanical means, e.g. pumps or screw conveyors, 
in the tank or lagoon. Landfill gas installations consist of a network of collectors dug 
through the landfill cap to collect the gas generated underneath.
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There are many AD installations in the UK and elsewhere. The type of plants and 
technology ranges from very simple handmade installations in China, India and some 
other developing countries (Fulford, 1998) to large scale installations like the 
Holsworthy centralised anaerobic digestion plant in Devon that processes more than
80,000 tonnes per annum of organic wastes (REA, 2005b). Both technologies, AD and 
landfill gas, have a relative small installed capacity in the UK but an increasing number 
of plants are being proposed for planning permissions. There are 217 landfill gas 
installations with a declared net capacity of 472.2 MW as of December 2005 and 21 
biogas plants with a capacity of 22.6 MW. Furthermore, there are 112 landfill gas 
installations contracted but not yet commissioned and 10 biogas installations 
(RESTATS, 2006). No data are available on the energy produced by biogas plants, but 
the landfill plants existing in 2004 produced 4,000 GWh of energy in that year, up from 
3,300 the previous year (RESTATS, 2006). The total number of biological treatment 
facilities, which may or may not recover energy, in England is 74 whereas in Wales is 
just 4 according to DEFRA (2006g). In Germany, for example, there are between 500 
and 800 AD plants that use agricultural waste but only around 100 co-digest 
biodegradable waste. Germany has 37 large industrial digestion plants that process 
pure biodegradable waste with a capacity of around 500.000 tonnes per annum in 
2001 (European Compost Network, 2006). Denmark, another leading country in AD 
terms, had 18 centralised AD plants in 1999 (University of Southern Denmark, 2000). 
Yet another example is Switzerland where there are 13 AD facilities for the organic 
fraction of the municipal solid waste (OFMSW), a further 300 that treat sewage sludge, 
out of which 55 co-digest other wastes, and 20 plants digest industrial effluent wastes 
in 2006 according to ISWA (2006). The International Energy Agency (lEA) Task 24 
document on biogas (lEA Task 24, 2001), has a list of all the AD commercial scale 
plants, i.e. >2,500 tonnes per annum (tpa) as of 2001 and summarised AD’s future in 
2001 as quite promising by saying:
“World-Wide, there are now more than 125 AD plants operating and a further 35 under 
construction using municipal solid waste (MSW) or organic industrial waste as their 
principal feedstock. The total annual installed capacity is more than five million tonnes. 
This has the potential to generate 600 MW of electricity. A considerable number of AD 
plants are also being planned.” (lEA Task 24, 2001)
The difference from the figures in the previous paragraph may be because the lEA list 
does not include commercial plants under 2,500 tpa.
Most of the feedstock for the installations worldwide is biodegradable waste; e.g. 
animal by-products, sewage sludge, manure, green waste and putrescible streams of 
municipal, commercial and industrial waste (IWM AD working group, 1998; University 
of Southern Denmark, 2000; European Compost Network, 2006). Some digesters 
work with a single waste stream; however, it is usually better to co-digest, i.e. to 
process different waste streams together. The mix of different waste streams allows 
better control of key operating parameters like pH, carbon to nitrogen ratio, etc. as 
well as higher biogas yields and improved process stability. Recent research in the co­
digestion field has been carried out by Hartmann and Ahring (2005) and (Sosnowski, 
Wieczorek et al., 2003). However, Switzerland still considers AD to be “ in development
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phase” (ISWA, 2006) whereas in others countries there are plants that have been co- 
digesting since 1994, like Thorso in Denmark (IWM AD working group, 1998).
4.2 Classification
Some criteria that have been used throughout the literature to classify AD systems 
are:
• Loading schedule,
• Number of phases,
• Flow pattern,
• Solid content and
• Temperature regime.
According to the slurry fed timing to the digester, the AD process is said to operate in 
continuous or in batch mode and this classification can be combined with the one- 
stage or two-stage systems. The flow pattern reflects how the slurry flows inside the 
tank, whereas the content of water in the slurry fed to the main digestion tank 
determines whether the process is classified as wet or dry. Dry systems are generally 
considered to be those with more than 25% suspended solids whereas wet system 
slurries contain less than 15% suspended solids. In between these two extremes, 
semi-dry and semi-wet systems can be found. Finally, the temperature at which the 
anaerobic decomposition is carried out by the bacteria is the key parameter for the 
classification of the system as psychrophilic, mesophilic or thermophilic; these 
distinctions are explained in more detail in section 4.5.1.
A more detailed description of different types of AD systems, for example covered 
lagoons, fully mixed digesters, plug flow digesters, anaerobic sequencing batch 
reactors, fixed film digesters, etc. are described together with their advantages and 
disadvantages by Burns (2003) and Mata-Alvarez (2003). Another good reference 
document is the report “Anaerobic Digestion” from the Institute of Waste Management 
Anaerobic Digestion Working Group for the CIWM (1998) and also the report from 
Task 24 of the International Energy Agency (lEA Task 24, 2001).
Some existing plants were designed under standard AD processes like Kompogas 
(Kompogas, 2006), Valorca (Valorca, 2006) or Dranco (Dranco, 2006) with minor 
modifications, but many others are bespoke solutions.
4.3 Process
The core of an AD process comprises three reactions that run concurrently (IWM AD 
working group, 1998; Verma, 2002; IS Water & Wastes, 2003; Mata-Alvarez, 2003):
• Hydrolysis. Enzymes secreted by the bacteria help to break down 
carbohydrates, proteins and lipids into simpler sugars, amino acids and fatty 
acids.
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• Acetogenesis. Products of the hydrolysis phase are degraded by acetogenic 
bacteria producing Volatile Fatty Acids (VFA), COg and hydrogen. Mixing is 
important in this reaction to prevent accumulation of VFAs.
• Methanogenesis. Methane is produced by decomposition of VFAs and by 
reaction of hydrogen and COg.
These three chemical reactions take place simultaneously at the main AD tank and all 
the chemical species are in dynamic equilibrium. Some hydrolysis can take place in 
the mixing tanks before the slurry is fed into the main tank. Apart from the chemical 
reactions that take place in the main tank, the feedstock is usually pre and post 
treated
Shredders, pulpers, screeners, etc. are used to process the waste prior to feeding into 
the main AD tank to regulate the percentage of solids in the slurry, to avoid 
contamination or to ensure appropriate particle sizes. Previous studies have shown 
that biogas yields depend inversely on the substrate’s average particle size; therefore 
screw-cutting, milling and drumming processes can increase gas yields especially 
with non-easily digestible substrates like lignin and cellulose which are present in 
woody materials, paper, etc. (Palmowski, J. A et al., 2000; Mshandete, Bjornsson et 
al., 2006). Usually, the energy required in this process is less than the extra biogas 
produced (IS Water & Wastes, 2003). Other forms of pre-treatment include biological 
treatments as hydrolysis or aerobic digestion and, in the category of physico-chemical 
treatment, oxidation and thermal treatment (Mata-Alvarez, 2003).
Outputs from the main tank usually need post-processing; e.g. scrubbing the biogas 
or dewatering the digestate. Pasteurization is another post-treatment required by law 
because of health concerns over diseases like bovine spongiform encephalopathy 
(BSE) and food-and-mouth disease.
The animal by-product regulations (ABPR) (UK Parliament, 2005a) regulate the 
treatment of catering waste in composting and biogas facilities in the UK, limiting 
particle size (e.g. 6 cm) and defining the time and temperature of the treatment (e.g. 
70°C for 1 hour). In order to comply with this regulation, AD systems that are fed with 
animal by-products must have a pasteurization system capable of treating the 
digestate at the specified temperature for the given time in order to eliminate the 
pathogens (IS Water & Wastes, 2003).
A monitoring system to track the critical operating parameters and to run the plant in a 
semi-automated mode (e.g. pumping slurry into the digester, adding limestone to 
control pH, manage the flow through the heat exchangers to control the temperature 
of the vessels, etc.) is essential to optimise plant operation.
4.4 Schema
Figure 5 is a very simple schema of the Bretch (Belgium) AD system that is a 
thermophilic, single stage, downstream digester, known as the Dranco process.
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The sketch shows a reception tank where the feedstock is pre-mixed prior to pumping 
it into the main tank. The main tank is labelled as digester and is an impermeable tank 
usually heated and insulated. It has one inlet for the slurry and two outlets, one for the 
digestate and another for the biogas situated at the top of the vessel. The biogas 
flowing through the gas outlet is stored in a buffer depot after being cleaned. From 
there, it can be delivered as fuel to a gas turbine or to an ICE or CHP unit if used on­
site, or it can also be stored and pumped off-site. The digestate is usually stored in a 
nearby vessel before being composted or directly spread as fertiliser. If it is stored as 
a dry cake, dewatering equipment will also be needed. A pasteurization system is also 
shown because it might be required by existing legislation.
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>. Biowaste
Gas scrubbing
steam
Flare Water
Biogas
Electricity
Gas
storage
Digester
Dewatering
Pasteurization
CHP Unit
Mixing and 
feeding tank Compost Water to effluent 
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Figure 5. Anaerobic digestion schematic.
The construction materials of the components of the AD plant depend on the type of 
AD system, the type of waste to be processed and the budget. For example, vessels 
can be made of stainless steel, concrete, bricks or even plastic (Fulford, 1998; 
Kompogas, 2006).
More schemes of AD systems can be found in the report by IWM AD working group 
(1998) and in chapter 5 of Mata-Alvarez (2003).
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4.5 Operating parameters
Controlling operating parameters (e.g. temperature, pH, etc.) is extremely important 
for maximising biogas production. A review of the operating parameters governing the 
digestion of MSW has been given by (Castillo, Cristancho et al., 2006).
This section describes the key operating parameters for AD systems based on 
information from different sources (IWM AD working group, 1998; IS Water & Wastes, 
2003; Mata-Alvarez, 2003; Castillo, Cristancho et al., 2006).
4.5.1 Temperature
Temperature is a design and an operational parameter. AD systems can be designed 
for a certain temperature range, but once the temperature is fixed, it should be 
maintained between prescribed limits during operation.
Depending on the temperature of the tank, different type of microorganisms will carry 
out the digestion process. This leads to the following classification of AD systems:
• Psychrophilic. The operating temperature is below 25 “C. These systems 
usually do not need heating and methane yields are less than for the other two 
categories.
• Mesophilic. Named after the type of bacteria that best thrive at temperatures 
around 35 °C. The gas yield is lower than for thermophilic systems but 
mesophilic systems are cheaper to operate and easier to control.
• Thermophilic. A different type of bacteria operates in the range up to 55 °C and 
gives the name to systems that operate in that range. These types of systems 
have poorer process stability and require heating systems to control the 
temperature.
In practice, there are only operating systems in the mesophilic and thermophilic 
ranges. Nevertheless, there are many published works comparing systems operating 
in the different ranges (University of Southampton and Greenfinch Ltd., 2002; Kim, 
Gomec et al., 2003; Song, Kwon et al., 2004; Bohn, Bjornsson et al., ; Connaughton, 
Collins et al., 2006) and a summary of the advantages and disadvantages found is 
presented here:
• The advantages are increased destruction rate of organic solids, biogas yield 
and destruction of pathogenic organisms, improved solid-liquid separation, 
shorter residence times and smaller tanks; whereas
• the disadvantages are poor effluent quality, process stability and robustness to 
accumulation of volatile fatty acids, high energy requirements and operating 
costs and more structural requirements.
Consequently, there is no clear opinion on which design temperature should be 
chosen “a priori"; it should be a function of the desired biogas yield and the type of 
substrate or feedstock (IWM AD working group, 1998).
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4.5.2 pH
Another relevant parameter for AD operation is pH. The slurry should be maintained 
around a neutral value between 6.5 and 7.5; however, this is not easy because some 
intermediate chemical species like VFA present in the chemical equilibrium turn the 
medium acidic (i.e. lower pH).
An acidic medium is usually a symptom of a stressed reactor, meaning that the 
bacteria are not thriving at their optimum so that the biogas production could be 
affected. Reasons for this may vary: nutrient excess or defect, organism washout, 
toxic conditions, etc. (IWM AD working group, 1998)
Mixing avoids VFA accumulation thus preventing local increases of pH. This can be 
done by external actuators (e.g. stirrers) or by careful design of the digester and 
encouraging mixing by biogas buoyancy movement or by slurry movement to/from the 
inlet and outlets. In some other intermediate chemical reactions, alkaline species are 
formed resulting in a buffer effect in which alkaline and acidic compounds will 
neutralise each other. If all these mechanisms fail, limestone or other alkaline material 
needs to be added to recover a neutral pH (IS Water & Wastes, 2003).
4.5.3 Residence time
Residence time is also known as retention time. It is defined as the ratio between the 
volume of the main digester tank and the volume of feedstock introduced per unit of 
time so it is measured in time units (e.g. hours or days). This simple definition is more 
complicated in two-stage systems where there are two digesters thus the retention 
time in either tank will be less than the total residence time in the system. This may 
lead to inconsistent figures across manufacturers with different technologies (IWM AD 
working group, 1998).
Time scales in the range of days should be expected because the chemical reactions 
governing the process are equilibria that require some time to be established and the 
digestion is carried out by anaerobic microorganisms that require time to reproduce 
themselves and colonise the substrate (Mata-Alvarez, 2003).
Residence time represents the average time for which the feedstock is digested. It is 
lower for thermophilic digesters than for mesophilic ones: roughly, it is around 15-20 
days in the former and 30-40 in the latter, according to Mata-Alvarez (2003). This 
parameter is also related to the solid content in the slurry because dry systems require 
more time than wet systems to process the slurry.
Retention time has to be optimised to maximise the biogas production according to 
operating and design parameters because there are tradeoffs between them; for 
example, lower retention times result in less production of biogas but require smaller 
vessels (Buekens, 2005).
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4.5.4 Organic load
Closely related with the residence time are the volatile solid content and the organic 
load rate of the reactor. The former is a characteristic of the feedstock because not all 
the solids in the slurry are biodegradable (i.e. digestible); hence, that parameter, 
expressed as a percentage, represents the amount of solids that could be turned into 
biogas. The latter represents the amount of biodegradable matter introduced into the 
digester as the amount of volatile solids introduced into the system per unit of time. 
There is an upper limit for it because high values usually represent high flows through 
the digester with an associated risk of washing the bacteria out of the system. It is 
presented as the mass of volatile solids introduced into the digester per unit time per 
unit of volume of the digester (e.g. kg/day.m^).
The organic load is related with the feeding method, i.e. continuous or plug-flow. 
(Angelidaki, Chen et al., 2006) have studied its influence and Mata-Alvarez (2003) 
gives some guideline values for different systems, but it needs to be optimised for 
each system, type of feedstock, range of temperatures, etc.
AD systems cannot be over, nor under loaded with organic matter, regardless of being 
continuous or batch fed, to guarantee a smooth operation and stable production of 
biogas. For example. Table 29 presents some of the operating parameters that have 
already been mentioned for AD systems digesting livestock slurries.
Parameters Unit Type of slurry
Pig Cattle Poultry
Treatment time Days 13-17 16-21 23-25
Treatment temperature °C 38-42 38-42 38-42
Maximum organic loading (kg.org.matter/m^d) 5 4 3
Table 29. Operating parameters of AD of slurries (Dohanyos, Zabranska et al., 
2000).
4.5.5 Nutrients
There are some other chemical species required by the microorganisms to thrive such 
as nitrogen, sulphur and phosphorous and other oligoelements like iron, cobalt, nickel, 
etc. Although they are required in minimal quantities, their lack will hinder bacterial 
growth with consequent decrease in methane yield (IWM AD working group, 1998).
4.6 Inputs and Outputs
The input to the process is a suspension of organic matter in water known as slurry. A 
chain of chemical reactions carried out in the presence of enzymes produced by the 
bacteria present in the suspension decomposes it into a mix of methane, COg and 
other gases known as biogas and a liquid fraction known as digestate.
EngD Dissertation______________________________ Volume III_________________________ Page 118
4.6.1 Inputs
The input to AD systems is known as feedstock or substrate. It is apparent from case 
studies (Dranco, 2006; Kompogas, 2006; Valorca, 2006) and from the literature 
(Fulford, 1998; IWM AD working group, 1998; RISE-AT, 1998; lEA Task 24, 2001; 
University of Southampton and Greenfinch Ltd., 2002; Verma, 2002; Burns, 2003; IS 
Water & Wastes, 2003; Mata-Alvarez, 2003; Sosnowski, Wieczorek et al., 2003; Banks, 
2005; Buekens, 2005; Hartmann and Ahring, 2005; Bohn, Bjornsson et al., ; Castillo, 
Cristancho et al., 2006; Connaughton, Collins et al., 2006) that any organic waste can 
be fed into an AD system although some may be digested easier than others.
The organic fractions of municipal, agricultural and industrial wastes are suitable; 
hence waste from abattoirs, poultry and cattle manure, harvest residues, breweries, 
milk and wine effluents amongst others can be digested. The organic fraction of MSW 
(OFMWS) needs to be either source segregated or processed when delivered on site 
to avoid contamination of the digestate.
There is still a vast amount of research in the digestion of the OFMSW (Castillo, 
Cristancho et al., 2006; Davidsson, Gruvberger et al., 2006; Zhang, El-Mashad et al., 
2007) but almost every possible feedstock's suitability for AD has been analysed in a 
paper. Mata-Alvarez (2003) in his Table 4.3 has compiled a list of substrates, with the 
type of reactor and the conditions for treating it together with the reference paper 
where it was studied.
Despite this wide range of acceptable feedstocks, not all of them are optimum 
substrates for AD; for example, wastes with high content of lignocellulosic organic 
materials (e.g. cardboard, paper or wood) might be better suited for thermal treatment 
with energy recovery (lEA Task 24, 2001 ; Tonge, Deaking et al., 2003).
The methanogenic bacteria required to carried out the anaerobic decomposition are 
already present in wastes from cattle and sheep (IS Water & Wastes, 2003). 
Nevertheless, it is common practice to reuse some digestate, which will contain some 
bacteria, to start a new reactor or batch.
Different feedstocks can be mixed in a practice known as co-digestion that can 
enhance the production of biogas if the mix of components achieves better 
operational parameters: carbon to nitrogen ratio, volatile solids content, etc. Each 
installation is different because of its location, available wastes, legislation, inputs and 
outputs’ market conditions, etc.; hence no general conclusions can be drawn. Most of 
the large-scale industrial systems process only one waste stream; however in simpler, 
small-scale systems a mix of MSW with animal manure is used for better results 
(RISE-AT, 1998; Mata-Alvarez, 2003; Hartmann and Ahring, 2005).
The feedstock is processed in the mixing tank with water or steam until it forms a 
homogeneous suspension known as slurry with the appropriate percentage of solids 
depending on the type of reactor (e.g. dry or wet).
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A major problem of AD systems is poor quality of feedstock measured as the 
presence of unsuitable matter, e.g. plastics, metals, antibiotics, etc. present in it 
and/or inconsistent or changing composition.
Contaminants like metals and plastic can affect the quality of the digestate, rendering 
it unsuitable for use as soil fertiliser, but chemical contaminants affect the conditions 
where these bacteria thrive and can retard or even stop their growth, thereby also 
stopping biogas production. Unsuitable matter should be prevented from entering the 
main tank, by screening, sorting and early detection in the case of chemical 
compounds.
Mechanical pre-treatment of the inputs is generally used in all existing plants with the 
objective of avoiding these problems as well as reducing particle size.
Some examples of the undesired contaminants and/or toxic substances that affect 
bacteria are antibiotics, disinfectant, pesticides, free ammonia, chlorinated organic 
compounds, and pH changing substances. The effect of some of these have been 
investigated by Mensah (2003).
4.6.2 Outputs
The outputs from an AD system are a gas and a liquid. The gas is known as biogas 
due to its organic origin- and is typically composed of 50% to 60% methane, carbon 
dioxide accounting for almost all the rest and less than 1 % of other compounds like 
sulphur compounds, ammonia, hydrogen, etc. (IWM AD working group, 1998). The 
liquid contains the remaining undigested matter plus water and is known as digestate.
The biogas produced can be either used on site as fuel or compressed prior to being 
pumped or transported if required. Landfill gas is usually of poorer quality than biogas 
in terms of contaminants (e.g. corrosive gases) and therefore needs to be cleaned 
more thoughtfully prior to use as fuel. Nevertheless, both types of plants have 
dedicated cleaning sections. In any case, some cleaning is required in order to get rid 
of sulphur and chlorine compounds. The cleaning equipment consists of scrubbers 
and membrane filters.
Table 30 compares the properties of biogas with those of natural gas:
Natural
gas
Biogas
CH, (methane) [vol%] 91 55-70
CgHe (ethane) [vol%] 5.1 0
CgHg (propane) fvol%l 1.8 0
C4H10 (butane) [vol%] 0.9 0
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C5+ (pentane) [vol%] 0.3 0
COp (carbon dioxide) [vol%] 0.61 30-45
N2 (nitrogen) [vol%] 0.32 0-2
HgS (hydrogensulphide) ppm
~1 -500
NHg (ammoniac) ppm 0 -100
Water dew point rc ] <-5 saturated
Net calorific 
value
[MJ/nm^] 39.2 23.3
[kWh/ nm ]^ 10.89 6.5
[MJ/kg] 48.4 20.2
Density [kg/ nm®] 0.809 1.16
Relative density [-] 0.625 0.863
Wobbe index (W) [MJ/ nm ]^ 54.8 27.3
Stoichiometric mixtures
Air requirement
[nmV nm  ^
gas] 10.4
6.22
Flame
temperature
[°C] 2040 1911
Water dew point 
(flue gas)
[°C] 59.7 59.2
Water vapour 
(flue gas)
vol% 18.8 19.3
Table 30. Biogas and natural gas properties and composition (Jense and Jensen, 
2000).
Biogas is the only useful output of the AD process from an energy point of view.
The digestate usually undergoes some stages of filtering and dewatering in a post­
digestion phase. Once the water content has been reduced, it can be used as soil 
conditioner or landscaping material. It can also be used directly as soil fertiliser or be 
further processed in traditional composting facilities prior to being spread. The liquid 
effluent, if it is not recycled into the process, could also be used as liquid fertiliser. The 
final use will depend on the demand for it and a market where it could be sold, even at 
zero price.
The digestate contains nutrients, e.g. nitrogen, phosphorus, etc., which are not 
processed by anaerobic bacteria. The use of digestate as fertiliser can displace 
artificial fertilisers (Verma, 2002; Biffa, 2003) notwithstanding the presence of heavy 
metals like zinc, copper, lead, etc. which can prevent their use as fertilisers. Strict 
limits are fixed by legislation in order to prevent build up of heavy metals in soil that 
could enter the food chain (IWM AD working group, 1998).
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4.7 Benchmarks and mass balance
This section will present an overview of the biogas yields that can be expected from 
different feedstocks and the mass balance of some existing AD plants to give an idea 
of how existing plants perform and what could be expected in similar conditions.
One study from the University of Southampton and Greenfinch (2002) found that 
mesophilic systems produced 164 m  ^ per tonne, whereas the thermophilic system 
produced 157 m^  per tonne under operating conditions, which is opposite to the 
general trend; however, they explained this resulted from instabilities in the process. In 
both cases, the biogas comprised of 58% methane. The feedstock was source- 
separated kitchen waste with 78.4% moisture and 92.4% of volatile solids (University 
of Southampton and Greenfinch Ltd., 2002).
Some examples of centralised biogas plants in Denmark as published by (Dohanyos, 
Zabranska et al., 2000) are:
Parameters Binding Fangel Ribe Lintrup Lemvig
Input (mVday) 132 152 401 385 453
Slurry (%) 70 77 84 67 79
Org. waste (%) 30 23 16 33 21
Dig. Temp. (°C) 52 37 53 37 52
Treatment (days) 16 21 12 20 17
Biogas (mVd) 7100 7100 11800 11400 14800
Table 31. Operating parameters and biogas yields of Danish CAD (Dohanyos, 
Zabranska et al., 2000)
Some more benchmarks on different standard types of AD processes, single and 
double stages, wet and dry, etc. are presented in Table 29:
Manufacturer
Total 
solids load Process
Biogas Retentiontime
Kg/m^day mVtonne waste days
Dranco 11.4 Dry 100-200 25
Gitec 5.0 Wet 100-150 20
Ecotec 6.0 Wet 150-200 15-20
Valorga 9.2 Dry 140-160 14-28
Kompogas 10.8 Dry 150 23
Table 32. Benchmarks of some AD process (Banks, 2005).
If the figures of biogas produced need to be transformed into energy, the biogas 
calorific value (~ 20 MJ/m^) and the efficiency of the ICE or the CHP should be used to 
find out the energy yield of these processes.
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The following diagram is the mass balance of the Valorga-type Tilburg plant in the 
Netherlands.
Steami 
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2 000t
Fresh compost 
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Water 
Polyeiectr elite 
6 7001
Excess water
11 soot
Kitchen and garden waste 
Source-separated collection
40 OOO t
Figure 6. Mass balance of Tilburg (Valorga type) AD plant (Valorca, 2006)
This plant has some problems with high sand content in the input, this necessitates 
the solid separation stage.
Figure 7 represents the mass balance and energy outputs from the South Shropshire 
biodegradable waste digester by UK manufacturer Greenfinch that includes a CHP 
unit to produce heat and power:
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Figure 7. South Shropshire biodegradable waste digester (Greenfinch Ltd., 2006).
It should be noted that most of the material leaves the system as a digestate with a 
high water content that could be evaporated by drying or aeration, so that the energy 
is only contained in the biogas.
The Waste Technology Data Centre of the Environment Agency (Environment Agency, 
2006b) has many other examples of anaerobic plants and their mass balances. They 
can also be found on the web pages of the standard process suppliers (Dranco, 2006; 
Kompogas, 2006; Valorca, 2006) and the reports from Associates in Industrial Ecology 
(2003) and IS Water & Wastes (2003).
4.8 Scale
The biggest AD plant recorded is Marsciano in Italy that treats 300,000 tpa of 
agricultural and industrial waste (lEA Task 24, 2001). Despite the lEA Task 24 
considering commercial plants to be those processing above 2,500 tpa of wastes, 
there are thousands of “home” AD systems in China, India and other countries with 
less capacity (Fulford, 1998). In the UK, the Holsworthy plant currently treats around
80,000 tpa although it has a design capacity of 140,000 tpa (REA, 2005b).
According to manufacturers and a review of current plants, AD installations can range 
from 5,000 to more than 100,000 tpa (Associates in Industrial Ecology, 2003; 
Kompogas, 2006). However, in the UK it is likely that the smallest plants would be 
around 10,000 tpa (McLanaghan, 2002).
Most of the high-capacity plants are known as centralised anaerobic digesters (CAD) 
and process waste from different locations around the plant (REA, 2005a). CAD
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represent one end of the possible AD systems that could be integrated with building 
services, the other extreme being individual installations that just process waste from 
a few buildings (Fulford, 1998; Tonge, 2006). These small plants are the ones that are 
most likely to be appropriate for developments with a few buildings based on the 
small amounts of waste that would be produced by them. Other reports consider 
that: “For MSW management the smallest digester that is still economically viable is 
about 50,000 tons per year” (Buekens, 2005).
Histogram of existing AD plants in 
2001
50
>, 40  
o  c 
0)
O- 20
0)
30
iZ 10
0
2.5 10 25 50 75 100 125 150 175 200 More
Range (ktpa)
Figure 8. Histogram of existing AD plants in 2001 with data from (lEA Task 24,
2001)
Figure 8 represents the distribution of the sizes of existing AD commercial plants in 
2001 with data published in the lEA Task 24 report (2001). The histogram shows that 
around 60 % of the existing plants have a capacity under 25,000 tpa.
Some parts of an AD plant can be modular, e.g. Kompogas digester units; however, 
some other parts are not so that AD cannot be considered fully scalable. As the 
technology is not yet proven in the UK, it is difficult to assess possible economies of 
scale though they can be estimated in terms of capital and operational costs 
(McLanaghan, 2002; IS Water & Wastes, 2003)
The work carried out in different projects has shown that amounts of residual waste 
above 10,000 tpa are only likely to be treated in big developments; therefore, in the 
context of integrating AD systems with building services, the AD plants will be 
probably smaller than the existing ones and bespoke designed.
On a first approach and before finishing the review of all EfW technologies, AD plants 
seem like the most appropriate EfW technology for small amounts of biodegradable
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waste. However, developments like the Kazakhstan Entertainment Centre, the 
Brewery Square in Dorchester, etc. do not produce enough waste to justify building an 
AD plant on energy grounds only. Nevertheless, the existence of a market for the 
digestate as soil fertiliser and the fact that biodegradable waste can be processed 
locally can be seen as economic and environmental incentives supporting AD. Another 
incentive could be the taxes that could be avoided by diverting wastes from landfill 
when processed by AD systems. These facts will support the use of AD systems and 
their integration with building services in the environmental and economical grounds 
although the energy that could be supplied from biogas will rarely meet the project’s 
demands.
AD plants are relatively easy to operate and do not have large footprints, although the 
associated facilities for delivering, sorting and storing may represent an area bigger 
than the plant itself.
It has been learnt from different projects that plant space is a scarce resource; thus 
the smaller the footprint of any system, the better. The next examples give an idea of 
the plant space requirements for a medium size AD facility:
The footprint of a 20,000 tpa unit is around 3,000 m2 depending on the 
adjacent infrastructure e.g. handling, sorting, etc. (Szmidt, 2006).
The ArrowBio system in Israel processes 35,000 tpa (100 tonnes a day). It 
produces around 30,000 m  ^ of biogas with 70-80% of methane and requires 
13 workers in two 8 hours shifts. (Burton, 2006). A plant double the size is 
estimated to have a footprint of around 70,000 m^ .
The Passavant anaerobic digestion system from Germany is a 20,000 tpa per 
module plant that uses 11,000 m^  for 20 or 40,000 tpa installations (Associates 
in Industrial Ecology, 2003).
The Valorga plants are estimated as 20,000 m  ^ for a capacity of 25,000 tpa, 
30,000 m^  for 50,000 tpa and just 40,000 m2 for 180,000 tpa. (Associates in 
Industrial Ecology, 2003).
As a summary, the report prepared by Associates in Industrial Ecology (2003) 
mentions land-take ratios for anaerobic digestion technologies between 0.2 to 0.8 m^  
per tonne of waste treated.
O’Brien (2002) suggests that 2,000 m2 would be sufficient for 500 m3 tank processing
6,000 tpa
4.9 SWOT Analysis
AD as a waste treatment technology integrated with a boiler or a CHP unit to produce 
energy for building services is being studied to analyse its advantages and also its
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weak points. Finally, this technology faces some opportunities and some threats that 
are also described here.
The evaluation of the SWOT analysis is carried out recognising environmental, 
technical and economic criteria.
4.9.1 Strengths
The first advantage is that AD is an EfW technology; hence it helps tackling waste and 
energy problems together by extracting energy from biodegradable waste.
The rest of its strengths are presented in the following bullet points:
The basics of the technology is well known and AD has been used for 
centuries in China and India (Fulford, 1998).
The technology is proven for sewage sludge across the UK water industry 
(McLanaghan, 2002).
There are no moving parts, or a very small number of them; therefore the plant 
is not prone to mechanical wear failures.
There is no stack so the visual impact is minimum.
Greenhouse gases emissions are reduced because the energy yield displaces 
fossil fuels and also because it avoids methane releases from landfills (lEA 
Task 24, 2001; Jardine, Boardman et al., 2004).
Artificial fertilisers are displaced because the digestate can be used instead. 
Releases of effluents are controlled and they are not subject to the waste 
incineration directive (European Commission, 2000).
The AD process achieves an effective destruction of a wide range of 
pathogens (IS Water & Wastes, 2003).
The volume of the waste anaerobically treated is reduced (Valorca, 2006).
AD does not rely on source separation of waste because it is done as a pre- 
process of the digestion (Associates in Industrial Ecology, 2003).
4.9.2 Weakness
AD technology is not yet commercially proven on in the UK with MSW 
(McLanaghan, 2002).
The digestate market is not developed in the UK (Associates in Industrial 
Ecology, 2003).
The biogas is an explosive gas that needs to be handled carefully.
The biogas contains some pollutants (e.g. sulphur, chloride) and the digestate 
may contain harmful bacteria.
Biogas and digestate are considered waste; thus, they should be handled and 
traded according to existing waste legislation.
No quality standards for compost (McLanaghan, 2002).
Odour and noise can be possible nuisances, mainly coming from feedstock 
when transported.
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• The public is not aware of AD as a technology (European Biomass Association, 
; McLanaghan, 2002).
• The digestate requires space for aeration/storage prior to application to certain 
soils and pastures.
• The process and the outputs are very dependant on operating conditions, e.g. 
temperature, pH, etc., that could be easily disturbed by contaminated 
feedstock.
• Feedstock and slurry need to be transported if not used locally.
• The process is slow (i.e. days or weeks) at start-up, shut-down as well as when 
reacting to changes to input conditions (Mata-Alvarez, 2003).
4.9.3 Opportunities
AD is the best suited technology for treating biodegradable wastes.
AD can be easily integrated with MBT and composting in an integrated waste 
management system.
It is supported by Renewable Obligation Certificates (DTI, 2006).
The forecast increase of the landfill tax will make AD more competitive.
Waste anaerobically digested contributes toward landfill diversion targets.
There is a considerable LA interest on the technology and its applicability 
(McLanaghan, 2002).
Current research on chemical reactions modelling will allow improved 
operation (Pontes and Pinto, 2006).
The relative low cost, if compared with other technologies (lEA Task 24, 2001), 
places it in an advantage position.
The use of biogas has been proven in numerous end-use applications (lEA 
Task 24, 2001).
Dual-fuel engines allow use of biogas and other fuel (e.g. diesel or natural gas) 
with minimum modification (Clarke Energy, 2006; Wartsila, 2006).
CAD Plants can produce net befits with respect to all global warming potential, 
acidification, eutrophication, and nitrification (Cumby, Bandars et al., 2005).
4.9.4 Threats
• More stringent legislation could ban some organic sources (e.g. carcasses, 
etc.) for being treated in AD facilities or forbid the selling of some products 
(e.g. digestate to farms).
• Waste processed in AD plants does not contribute to LA targets of household 
recycling and composting (BV82); hence it might compete with other 
technologies (European Commission, 2000)
• Digestate might have to compete with compost created by other processes.
• Regulation applicable is not stable and has changed a lot recently, for example 
in reaction to BSE and foot-and-mouth diseases.
• Inappropriate use of the digestate risks significant increases in acidification 
and nitrification impacts under an LCA perspective (Cumby, Bandars et al., 
2005).
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4.10 Case Studies
The following facilities are large scale AD plants in the UK: Sorbie, Knockrivoch and 
Meikle Laught, Corsock and New Farm, The Ryes and Castle Farm in Scotland; South 
Shropshire Biodegradable waste Digester, Wanlip, Holsworthy Biogas Plant, Organic 
Power, Bioplex Demo Plant, Cambridge Research Park and Southampton University in 
England (REA, 2005b). This list does not include the sewage sludge treatment plants 
present in most wastewater treatment facilities.
Denmark has extensive experience using large-scale AD facilities: 18 large centralized 
plants were in operation in 2002, some of them co-digesting source-separated MSW, 
industrial wastes and manure. Some of the plants' gas is used in CHP for district 
heating, so maximising the benefits of the technology (McLanaghan, 2002).
Very small-scale plants have existed for centuries in China and India for digesting 
green and food wastes as well as domestic animals’ manure. These systems are far 
cheaper and simpler than the industrial ones that are likely to be used in the West; 
however, they reflect the viability of such micro-scale systems that produce biogas for 
cooking by processing waste from micro-farms and typically one family (Fulford,
1998).
The South Shropshire digester ran as a pilot plant from October 1999 to April 2001 
processing waste from 1,500 households. A commercial scale AD plant has been 
built, thanks to the experience gained from the pilot plant (Greenfinch Ltd., 2006).
The Holsworthy plant in Devon is the biggest CAD existing in the UK, designed to 
process 146,000 tpa of waste comprising 57% farm slurry, 19% blood, 11% food 
waste, 8% chicken manure and 5 % other non-farm wastes. On average, these inputs 
produce 10,085 mVday of biogas and the plant has an electric gross production of 1.3 
MW of which 10% is consumed in the plant operation.
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Figure 9. Holsworthy biogas plant scheme (Cumby, Sandars et al., 2005).
Many more case studies can be found in the Waste Technology Data Centre of the 
Environment Agency (2006b) and also in the revision of the waste technologies carried 
out by Associates in Industrial Ecology (2003) and McLanaghan (2002) where 
representative operational and capital costs are also given for AD as well as for other 
technologies.
The Steiner Academy, in Hereford, is a project in which the feasibility of an AD 
systems was assessed. It was proposed to be a zero or at least a low carbon building 
(i.e. with no or minimal emissions of COg during its operation) and an AD system would 
help also with waste management. An AD system was proposed because it offers on­
site waste treatment and can displace carbon emissions if the biogas were to be used
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in a small-scale CHP system that would provide electricity as well as heating to the 
school.
4.11 Legislation
In the case of anaerobic digestion, animal by-products regulations (UK Parliament, 
2005a) play a very important role. These regulations were the European Union (EU) 
response to BSE and foot-and-mouth disease. They place strict controls on how 
animal by-products can be used and these include some kitchen and MSW wastes; 
therefore, pasteurization is compulsory to comply with EU and DEFRA regulations.
Another regulation that affects AD is the landfill directive (European Commission,
1999) that aims to reduce biodegradable waste, including paper, card, food, garden 
waste and organic textiles, going to landfill to 75% of 1995 figures by 2010 and to 
35% by 2020. The capacity of AD to treat these wastes could encourage its 
implementation on the grounds of a sound waste management strategy. In the UK, the 
landfill tax is already driving business into the right direction by taxing waste going to 
landfill. Furthermore, the landfill allowance trading scheme allows local authorities not 
using their landfill allowances to sell them. This mechanism rewards LAs that invest in 
landfill diversion technologies, e.g. AD, and penalises others who do not.
The “Renewable Obligation” is an existing policy instrument in the UK that requires 
“ licensed electricity suppliers to source a specific and annually increasing percentage 
of the electricity they supply from renewable sources. The current target is 6.7% for 
2006/07 rising to 15.4% by 2015/16” (DTI, 2006). AD is one of the technologies 
covered by the obligation, as well as pyrolysis and gasification but not incineration.
4.12Landflii gas
Landfill gas is produced by the decomposition of organic wastes in a landfill site. It is 
mainly composed of COg and methane, like biogas. Unless extracted and/or captured, 
it is emitted to the atmosphere through landfill caps and contributes to the enhanced 
greenhouse effect.
Methane is a greenhouse gas (GHG) around 21 more powerful than COg in terms of 
global warming potential (GWP). In 2002, 2.1 Mt of methane were released in the UK, 
which represents 6.9% of all UK’s GHG emissions. The main anthropogenic sources 
are according to Jardine, Boardman et al. (2004):
• Agriculture 43 %,
• Landfill 22%,
• Natural gas industry 19% and
• Active coal mines 12%.
Methane could be captured and used from landfills and from coalmines; even if not 
burnt to produce heat and/or power and just flared, it will produce COg which has less 
global warming potential. If used, it qualifies for the Renewable Obligation Certificates
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(ROC) scheme (DTI, 2006). In landfills, methane is created by the decay of organic 
matter under anaerobic conditions. Initially, COg is produced, but when Og is depleted, 
anaerobic bacteria start acting thus releasing methane. The rate depends on the 
conditions (e.g. temperature) and the type of organic matter available (e.g. wood is 
decomposed slower than food waste) but it can be significant for 15 to 20 years and 
last for many decades (Jardine, Boardman et al., 2004).
Methane escapes from the landfill cores through the cap, though some bacteria can 
oxidise it in the cap to COg thus diminishing the total emissions. Nevertheless, a 
minimum of 15% is estimated to escape to the atmosphere (Jardine, Boardman et al., 
2004). The combined gas permeating through the cap contains around 55% methane 
and 40% carbon dioxide as main components. This gas can be collected by a 
networks of pipes and wells (Assurre).
Landfill gas emissions can be reduced in two ways (Jardine, Boardman et al., 2004):
• Creating less methane by putting less organic matter into landfills; i.e. diverting 
organic waste into other treatment options (e.g. anaerobic digestion, 
composting, advanced thermal treatment, etc.) when recycling and reusing is 
not possible. This has been addressed by the Landfill Directive (European 
Commission, 1999) that has been implemented in the UK through the Waste 
and Emissions Trade Act 2003 (UK Parliament, 2003) which aims to reduce 
levels of organic matter into landfill by 2020 to just 35% of what was landfilled 
in 1995.
• Improving capture ratio by better landfill design and enhanced capture 
methods.
This technology is not considered further as an EfW technology capable of being 
integrated with building services because buildings are not usually near landfill sites 
and the biogas supply is unreliable. However, should a project arise it would be 
treated similarly to biogas.
4.13 Further research
This section points other sources of information and lines of actual research that have 
been found while researching the topic and that are considered relevant:
• The Energy Systems Research Unit at Strathclyde University 
(http://www.esru.strath.ac.uk/)
• The Cropgen group at the University of Southampton 
(httD://www.cropqen.soton.ac.uk)
• The Ad-nett (http://www.adnett.ora/index.html)
• The Chartered Institution of Waste Management (www.ciwm.co.uk)
• The composting association (http://www.compost.orq.uk/)
• The University of Cornell
http://www.manuremanaqement.cornell.edu/HTMLs/AnaerobicDiqestion.htm
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5 ADVANCED THERMAL TECHNOLOGIES___________
This section will briefly cover incineration, gasification and pyrolysis otherwise known 
as advanced thermal technologies (ATT) for waste treatment. These processes have 
been used in the past to treat other stock with notorious success e.g. gasification of 
coal to produce town gas or pyrolysis of wood to produce charcoal.
Incineration has been used extensively but the introduction of European legislation, 
e.g. Waste Incineration Directive, limiting contaminant emissions has forced to close 
down several installations in the UK and elsewhere in Europe. Nevertheless, it is seen 
as a technology necessary as part of an integrated waste management strategy 
(Assurre, 2001).
Pyrolysis and gasification are not yet considered commercially proven technologies 
although there are some examples of successful plants running on these technologies 
in Germany and Japan and based on this it is expected a growth in the number of 
plants using these technologies.
In an ATT plant, the input can be raw MSW, refuse derived fuel (RDF), hazardous 
waste or even sewage sludge. The outputs depend on the type of technology; 
incineration produces some ash and a very hot gas from which energy is recovered in 
a boilerhouse in the form of steam or hot water. Gasification produces a gas known as 
syngas that can be used as fuel in other thermal processes plus a carbonaceous 
residue that can be disposed or burnt to utterly extract the energy in it. Finally, 
pyrolysis can produce a variety of solid, liquid or gaseous outputs depending on the 
temperature and the time the fuel to the process is treated.
The pyrolysis process is endothermie, i.e. consumes energy, it is not self-sustainable 
and needs external heat. It is a common arrangement that the exhaust gases of a 
gasificator or an incineration chamber are used to maintain the temperature of the 
pyrolysis chamber therefore these processes can be found together (e.g. compact 
power technology).
In the eighteen month report, these technologies will be analysed in more detail 
separately
5.1 Description
Incineration, gasification and pyrolysis have in common that they are themochemical 
processes. The difference between them is the amount of oxidant (e.g. pure oxygen or 
air) that is allowed to react with the fuel. When the amount of oxidant present is the 
exact amount required for a full and complete oxidation of the fuel, the reaction takes 
place in stoichiometric conditions. Pyrolysis takes place in absence of oxygen 
whereas gasification takes place in sub-stoichiometric conditions i.e. with less oxygen 
than required for a full and complete oxidation; finally, incineration occurs with excess 
oxygen or air therefore some oxygen is present in the flue gases.
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Before the Waste Incineration Directive (WID) (European Commission, 2000) was 
introduced, there were many more incineration facilities in the UK. “By 1914, 338 
refuse incinerator plants had been constructed in Great Britain with 225 of these 
having the refinements of boilers for waste heat recovery.” (Clennel and Lowe, 1983) 
“ In the late 1960s, the first “modern moving grate” incinerator opened in Tyseley near 
Birmingham on an experimental basis with the first two operational plants in Middleton 
and Sutton Coldfield opening in 1968” (Burnett and Gulley, 1994) but nowadays, the 
number has dramatically dropped.
Assurre identifies 304 facilities in 18 European countries and 96% of these recover 
energy from waste (Assurre, 2001).
The number of incineration plants in the UK that burn waste varies depending on the 
source, probably because of different criteria on the type and quantity of waste that 
needs to be processed to be included in the respective lists, however figures suggest 
that there are not more than 20 operating at present.
Plant name District Capacity in thousand tpa
Existing
Nottingham Nottingham 150
Edmonton London borough of Enfield 600
SELCHP London borough of Lewisham 420
Cleveland Stockton on Tees 245
Bolton Bolton 130
Coventry Coventry 220
Dudley Dudley 90
Stoke on Trent Stoke on Trent 200
Tyseley Birmingham 350
Wolverhampton Wolverhampton 105
Sheffield Sheffield 135
Total 2,645
Average 240
Under Construction
Kirklees Kirklees 135,000
Chineham, Baskingstoke and Deane 90,000
Crymlyn Burrows Neath Port Talbot 35,000
Approved but not yet constructed
Allington Maidstone 500,000
Colnbrook, Slough Slough 400,000
Marchwood New Forest 165,000
Grimsby North East Lincolnshire 55,000
South Portsmouth Portsmouth 165,000
Cleveland B Stockton-on-Tees 130,000
Capel, Surrey Mole Valley 110,000
Subject to Planning
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Belvedere London Borough of Bexley 585,000
Edmonton B London Borough of Enfield 300,000
Guildford Surrey County Council 225,000
Goole East Riding of Yorkshire 400,000
Wrexham Wrexham 60,000
Sheffield Sheffield City Council (to replace existing facilites) 225,000
Planning Refused
Redhill Reigate and Banstead Borough Council 215,000
Ridham Dock Swale District Council 225,000
Kidderminster Worcestershire County Council 150,000
Hull City of Hull 165,000
Belfast (Planning unresloved) 200,000
Guildford Guilford 225,000
Table 33. Status of incineration facilities in 2002 (House of commons, 2002).
Incineration or mass burn it is usually referred in the literature, reports and 
conferences as “energy from waste” although in this EngD the term energy from waste 
has been used for the generic name of all technologies capable of extracting any form 
of energy out of a material considered “waste” .
Gasification is carried out at elevated temperatures of about 500-1400°C and 
pressures up to 33 bar whereas pyrolysis is usually carried out at lower temperatures, 
between 400 °C and 700 °C and sometimes in vacuum conditions (McLanaghan, 2002; 
Biffa, 2003; Yassin, Lettieri et al., 2005)
The number of gasification and pyrolysis plants is well behind incineration; however, in 
some parts of the world this is changing. For example, the capacity of newly order 
gasification plants in Japan exceeded incineration for the first time in 2000 and at least 
32 plants have been built since them most of them of the fluidised bed and rotary kiln 
type. On the contrary, in the rest of the world, the market is stalled with no or 
minimum commercial interest in USA, Canada and Australia. In the UK, there seems to 
be slightly higher interest but there have been no deals closed (Whiting, 2006). As a 
summary, gasification and pyrolysis facilities are on a pre-commercial, demonstration 
stage everywhere in the world but Japan and some plants in Germany (Sutcliffe,
2002).
There are “more than 100 facilities operating or ordered around the world, capable of 
processing over 4 million tpa. Some plants -  particularly in Europe and Japan -  have 
been operating commercially for more than five years. However, many of the 
proprietary systems currently being promoted have only operated so far as small scale 
pilots” (Sutcliffe, 2002)
In the UK the main interest in gasification and pyrolysis plants is currently towards 
small scale, e.g. 30-40 ktpa, for use as local solutions on residual MSW (McLanaghan, 
2002).
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Comprehensive revisions of the status of ATTs, mainly in the UK but with references 
to Europe and the rest of the world are published by Fichtner Consulting Engineers 
Ltd. (2004) and by Dr. Stuart McLanaghan (2002).
5.2 Classification
The incineration systems can be classified according to the design of the combustion 
hearth and the reactor design (Biffa, 2003). The following three are some of the most 
common types:
• Moving grate,
• Rotary kiln and
• Fluidised bed.
Pyrolysis systems are classified depending on the range of its operating parameters, 
i.e. time and temperature. For example, the process is known as “flash pyrolysis” 
when residence times are in the range of seconds or as carbonization for long 
residence times (Bridgwater, 2003). Depending on the temperature, the process can 
be low or high temperature. Pyrolysis plants can also be classified according to their 
design (Fichtner Consulting Engineers Ltd., 2004; Yassin, Lettieri et al., 2005), for 
example:
Bubbling fluid beds.
Circulating fluid and transported beds.
Ablative pyrolysis.
Entrained flow.
Rotating cone.
Vacuum pyrolysis and 
Heated tube pyrolysers.
Gasifiers can be classified, according to Swithenbank (2006), Yassin (2005) and 
Dawber (2006) in the following groups:
• Fixed bed downdraft. It is suitable for small scale.
• Fixed bed updraft. Large scale installations but dirty gas
• Slagging. Used in large scale plants.
• Fluidised bed. They are more complex to operate and they can be either 
bubbling or circulating.
• Batch. It is not suitable for heat recovery due to its cyclic operation mode.
Gasification units are usually smaller than incineration, Bridgewater (2003) has 
described most of the types of pyrolysis and gasification units, with their advantages 
and disadvantages as well as provided a qualitative analysis of market attractiveness 
and technology strength. Another overview of ATT systems, can be found in the report
“The viability of advanced thermal treatment of MSW in the UK” by Fichtner
Consulting Engineers Ltd. (2004)
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5.3 Process
At the forefront of an ATT plant, there is a bunker where fuel, e.g. raw MSW, RDF, is 
stored; from there, a crane is used to feed it to a hopper and into the process. At the 
end of the process, the stack is the mechanism used to disperse the flue gases back 
into the atmosphere.
In a moving grate incineration plant, the feedstock is fed into the combustion chamber 
via a ram or a conveyor screw that introduces the fuel into the combustion chamber. It 
also acts as a seal to prevent back burn and to guarantee air tightness. Regardless of 
the type of chamber (e.g. moving grate, rotary kiln or fluidised bed) the fuel usually 
undergoes a progressive increase in temperature until it reaches the combustion zone 
where temperatures are at their highest. All volatile components are evaporated and 
oxidised releasing energy that heats the incoming air and fuel hence making the 
reaction self-sustainable under steady conditions. The hot gases pass through energy 
recovery equipment where they are cooled and through cleaning equipment where 
suspended particles and hazardous chemical compounds are removed prior to being 
exhausted through the stack. The necessary air for the combustion is introduced in 
the combustion chamber by powerful fans that suck air from the bunker in order to 
prevent any odour release. The ashes and other solid outputs are usually disposed to 
normal landfill sites or used as filling material or other similar uses unless they need to 
be sent to special controlled sites if they have a high concentration of heavy metals or 
poor leachability properties.
Heat recovery equipment consists of tubes located around the top of the combustion 
chamber and across the hot gases exhaust path in order to exchange heat by 
radiation and convection with the fluid, usually water, that flows through them. The 
steam raised in the boilers is expanded in a turbine, condensed and recirculated again 
in a closed loop.
Air cleaning equipment, also known as air pollution control (ARC) consists of various 
type of equipment with specific purposes. For example, electrostatic precipitators 
where particulate matter is charged by an electric field and deflected into a deposit. 
Other systems intended to limit emissions of particulate matter are cyclones and filter 
bags.
Acidic gases are removed with scrubbers, that can be dry, semi-dry or wet, where 
exhaust gases pass through a chamber where hydrated lime is sprayed to react with 
sulphur and chlorine that precipitate.
In 2002, only one fluidised bed incinerator was operational in the UK in Dundee. The 
technology is based on combustion taking place in a fluidising medium, i.e. air is 
blown through a bed of inert particulate matter causing the bed to partially ‘fluidise’. 
This maximises mixing and heat transfer and at the same time minimises pollutant 
production hence reducing the need of ARC equipment. The trade off is that only 
small particles of waste can be treated therefore the feedstock needs some 
preprocessing (McLanaghan, 2002). These types of incinerators are usually smaller
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than moving grate designs. Fluidised bed combustors, in particular, are becoming 
more popular because of their ability to handle wastes of widely varied properties and 
the many advantages in controlling emissions. (Yassin, Lettieri et al., 2005)
Advantages of fluid bed combustors include (Yassin, Lettieri et al., 2005):
• ability to handle wastes of widely varied properties and the many advantages 
in controlling emissions.
• higher combustion efficiency than stokers, comparable to pulverised fuel-fired 
combustors
• reduction in boiler size
• low corrosion and erosion with easier ash removal
• simple operation with fast response to load fluctuations.
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Figure 10. Incineration plant with wet pollution control system (Biffa, 2003).
The main differences of pyrolysis and gasification units with incineration is that they 
are usually smaller, nevertheless, a more detailed overview of these types of systems 
will be incorporated in the next eighteen month report.
The Environment Agency Waste Technology Centre (Environment Agency, 2006b) has 
a very good description and case studies of ATT under the chemical type of 
technologies.
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5.4 Schema
Figure 10, above, showed an schematic of an incineration plant together with the 
energy recovery and APC equipment taken from the report “Thermal methods of 
municipal waste treatment” (Biffa, 2003)
Figure 11 presents the schematics of one of the plants by Energos where the main 
gasification chamber is seen together with the oxidising chamber of the syngas plus 
all the energy recovery equipment.
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Figure 11. Energos plant. Gasification plant schematic (Grimshaw, 2006).
The following figure shows a pyrolysis unit, of the bubbling type, together with some 
APC equipment from (Bridgwater, 2003):
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Figure 12. Bubbling bed pyrolysis reactor (Bridgwater, 2003).
5.5 Operating parameters
The operating parameters of the different ATT have not been analysed in detail 
therefore this section will be developed in the eighteen month report.
Nevertheless, the main operating parameters are temperature, time and heat transfer 
ratio in all the technologies.
Incinerators require also a tight control over their outputs as for example the amount 
of excess air introduced in the furnace. If too much air is introduced, the temperature 
of the furnace may drop and the APC will be overloaded by higher flow rates. This can 
be controlled by the forced draught fan speed. Another important parameter is the 
residence time in the combustion chamber of the flue gases that needs to be over two 
seconds and at a temperature above 850 °C, as defined in the waste incineration 
directive (2000/76/EC) (European Commission, 2000) in order to prevent dioxins and 
other pollutants to form. This temperature will be 1,100 °C if hazardous waste is used 
as fuel. Another limit imposed by the waste incineration directive (European 
Commission, 2000) is that the total carbon content on the ashes or slag should be 
under 3% of the dry weight of the material in order to ensure an appropriate 
combustion and proper energy recovery.
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5.6 Inputs and Outputs
The inputs of this type of technology are varied. They can range from a relatively 
standard homogeneous composition waste (e.g. Refuse Derived Fuel or RDF), more 
appropriate for pyrolysis and gasification processes, to a very variable stream of 
unsorted MSW typically for incinerators. Any ATT can also deal with fuels from energy 
crops and different types of biomass (e.g. chicken litter, etc.).
in an incinerator, the energy is produced by the oxidation of the fuel’s carbon in 
presence of oxygen. The energy output is in the form of hot exhaust gases that can be 
used to raise steam and/or hot water that could be used directly or as an intermediate 
step to produce electricity by a turbine. These gases, once cooled and cleaned, are 
exhausted to the atmosphere through the stack where monitoring equipment checks 
for excessive pollutants. Another output of the process is the bottom (e.g. slag that 
flows from the bottom of the combustion chamber) and fly (e.g. suspended matter in 
the hot flue gasses that is captured by scrubbing, filter bags and/or electrostatic 
precipitators) ashes which mainly contain the inorganic part of the fuel (e.g. heavy 
metals, etc.) and that needs to be disposed. Some liquid effluents are also produced 
and they need to be treated before disposal.
Pyrolysis, apart from feedstock needs some extra energy to maintain the endothermie 
process. This heat can come from electric heaters or by exchanging heat with the hot 
gases of another combustion process. The outputs that pyrolysis produces are a 
hydrocarbon rich-gas mixture, an oil-like liquid, and a carbon-rich solid residue their 
proportion depending on the heating rate, residence time and temperature, as well as 
on the composition of the fuel. In a very generic approximation, it can be said that with 
fast pyrolysis, the yield of liquid and gas phase is higher with less solids. However, a 
slow pyrolysis’ output will have a higher content of solids like char (cf. Table 34). The 
influence of some operating parameters over the properties of pyrolysis outputs has 
been studied by Dawei et. al. (Dawei, Zhimin et al., 2006). A similar study is presented 
in the report “Thermal methods of municipal waste treatment” (Biffa, 2003). The 
energy is contained in the chemical species present in the solid, liquid and gaseous 
effluents of the process that can be used as fuel in other systems.
Gasification usually generates a much higher percentage of gas composed mainly of 
carbon monoxide, hydrogen, methane and COg, Ng and HgO as main components with 
traces of other more complex hydrocarbon (Biffa, 2003).
Mode Conditions Liquid: % Char: % Gas: %
Fast
pyrolysis
Moderate temperature, short 
residence time
75 12 13
Carbonation
Low temperature, very long 
residence time
30 35 35
Gasification
High temperature, long 
residence times
5 10 85
Table 34. Gasification and pyrolysis output phase distribution (Bridgwater, 2003)
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The syngas produced either by gasification or pyrolysis can be used as (Fichtner 
Consulting Engineers Ltd., 2004):
• direct fuel in gas turbines with downstream cleaning,
• fuel in gas turbines or ICE after being cleaned and cooled;
• Use for co-combustion with other fossil fuels and
• chemical feedstock in the production of transport fuels or other chemical
products.
5.7 Benchmarks
The following table, according to Fitchner Consulting (2004), presents the power 
generation efficiencies that are usually claimed by various technologies manufacturers 
together with more realistic figures when all the losses (e.g. parasitic, transport, etc.) 
are taken into account.
Thermal
Treatment
Combustion Gasification and Pyrolysis
Power Generation SteamCycle
Steam
Cycle Gas Engine CCGT
Co-fired
Efficiency
claimed.
14-20% 13-24% 34% 33-35%
Realistic 19-27% 9-20% 13-24% 23-26% 27-35%
Table 35. Efficiencies of ATT (Fichtner Consulting Engineers Ltd., 2004).
DEFRA estimates that 581 kWh of electricity could be produced per tonne of MSW 
treated by incineration and that figure is increased to 642 kWh per tonne if treated by 
gasification and pyrolysis. Nevertheless, gasification and pyrolysis facilities usually 
require some type of pre-processing therefore part of the energy produced will be 
used on-site and the net exportable energy will be approximately the same as 
incineration (Hession, 2006).
5.8 Incineration SWOT Analysis
One of the main concerns with incineration is the amount of pollutants it produces and 
the competence of recycling and thermal treatment of waste. The first argument can 
be refuted if the stringent emissions levels imposed by the Waste Incineration 
Directive (European Commission, 2000) are met. The second argument has been 
proved wrong in cases like Denmark (Kristiansen, 2006) where high ratios of recycling 
are compatible with incineration; moreover, by recycling some waste streams, the CV 
of the remaining waste can actually be increased. This could be acceptable and even 
desirable by the operators of the waste incineration facilities, but plants are designed 
for a certain thermal load, hence the increase in CV of waste processed in a plant 
running at almost full capacity could mean the reduction of the plant throughput. 
(Swithenbank, 2006). Therefore, the two main opposition points are refuted and a fair 
analysis of incineration plant can be done.
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This analysis has been carried out taking into account environmental, technical and
economic criteria.
5.8.1 Strengths
• Incineration is a proven technology. In the document “Renewable supply chain 
gap analysis” incineration is considered as a mature technology and classified 
as a technology with a stable design and partly as a bespoke product (DTI,
2004).
• MSW is already collected as part of local authority duties hence the gate fee 
paid by local authorities for the disposal of the waste provides guaranteed 
revenue improving the economics of projects (DTI, 2004).
• Electricity generated by incineration facilities is non-intermittent (DTI, 2004).
• Combustion reduces the volume of waste by approximately 90% and the 
remaining inert bottom ash residue can be used in road building or landfill 
construction and thus reduces the need to quarry new materials. (Rand, 
Haukhol et al., 2000; McLanaghan, 2002).
5.8.2 Weakness
• There is strong public opposition to incineration plants, which can lead to 
protracted development periods as the scheme passes through the planning 
process (DTI, 2004).
• Plant performance not meeting desired standards for certain fuels remains an 
issue (DTI, 2004).
• The thermodynamic efficiency of the cycle is limited by the maximum 
temperature of the steam (~ 400 °C) (Swithenbank, 2006).
• Due to transportation costs of fuel, especially energy crops, is preferably 
sourced locally to the plant (DTI, 2004).
• Public opposition to some waste biomass projects has resulted in planning 
delays and general project uncertainty. This in turn has affected investor 
confidence (DTI, 2004).
• There are residues that need to be disposed to landfill or even to controlled 
landfills if deemed hazardous if no market is found for them (e.g. crushed ash 
can be used in road building).
• Heterogeneous fuel lead to unpredictable emissions hence expensive end-of- 
pipe cleaning solutions are required in incineration plants. Moreover, fuel pre­
treatment is desirable to prevent batteries or electronic scrap to go through the 
plant (Assurre, 2001)
• They need a reliable supply of waste for a long period and with certain quality 
conditions, e.g. calorific value and composition, and little variability (Rand, 
Haukhol et al., 2000)
• Heavy investment in flue cleaning equipment because of the excess of air 
required for a proper combustion and the composition of the MSW that 
includes sulphur, chlorine and heavy metals.
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• The capacity of a plant is not usually limited by mass throughput but by the 
maximum heat transfer in the boiler hence an increase in CV of the feedstock 
may reduce plant capacity (Environment Agency, 2006b; Hession, 2006)
5.8.3 Opportunities
• The Landfill Directive will encourage waste to be diverted from landfill to other
disposal options e.g. LATS (Landfill Allowance Trading Schema) is a financial
tool that will help to divert waste from landfill hence promoting the use of other 
technologies (DTI, 2004).
• EfW provides high long-term and skilled employment (Rand, Haukhol et al., 
2000; DTI, 2004).
• High energy prices and political instabilities that may affect supply turn 
countries to look for more reliable sources of energy and incinerators with 
energy recovery provide this (Rand, Haukhol et al., 2000).
• The process offers a “one stop shop” for all wastes that need not to be pre­
treated before arriving the plant (Environment Agency, 2006b).
• The waste policy suggests that incineration “could have an important part to 
play in future waste strategies” (DTI, 2004).
5.8.4 Threats
• On-going public opposition may present significant barriers to wide scale 
development (DTI, 2004).
• Increases in waste recycling would reduce the amount of waste available as 
fuel for the plant and could be competing with other objectives like recycling 
targets, etc (DTI, 2004).
• Changes in fuel could potentially reduce the calorific value of the fuel hence 
affect the efficiency and the economics of the plant.
• The environmental legislation may be more stringent in the future increasing 
construction and operational costs of incineration plants. (McLanaghan, 2002; 
DTI, 2004)
• Uncertainty over the future market size could threaten investment decisions 
(DTI, 2004).
• Availability of landfill as the main disposal route for waste in the UK and with 
the cheapest cost will refrain companies from investing in incineration plants at 
least until costs are equal. .This is expected in 3-4 years time with another 2-3 
years for planning and building the plant. Reference from the STRAW meeting 
made by Peter Jones of Biffa.
• Stakeholders, e.g. waste management companies, legislators, society, etc., do 
not have a common interest that drives them all together (Rand, Haukhol et 
al., 2000).
• Power generated by incineration of the biogenic fraction of the MSW is not 
subject to ROCs (McLanaghan, 2002; DTI, 2006).
• If the scale of a plant is much bigger than strictly required, perhaps driven by 
economies of scale or other factors, there may be some competition for waste
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and recycling in the area will be discouraged by the waste companies that will 
require waste as fuel for their facility (McLanaghan, 2002; Dawber, 2006)
5.9 Gasification/pyrolysis SWOT Analysis
This section will present the strength weaknesses, opportunities and threats that the 
gasification and pyrolysis technologies face when treating waste to extract energy that 
could be used into the building services.
This analysis has been carried out taking into account environmental, technical and 
economic criteria.
5.9.1 Strengths
• The equipment required for cleaning up the flue gases is reduced when 
compared to mass burn incineration because less air is introduced in the 
combustion chamber.
• The process is better tuned because different process chambers are used in 
the process e.g. the fuel is gasified in a primary chamber and the gas 
generated is then burnt in a secondary chamber.
• The syngas is a homogeneous fuel hence it is easy to burn.
• The slag produced is as stable as a stabilised slag from traditional incineration 
facilities.
• The thermodynamic efficiency of a cycle fuelled with the gas produced by
gasification or pyrolysis is much higher than a Rankine’s cycle of steam 
because temperatures are much higher around 1200°C therefore increasing the 
whole process efficiency (Swithenbank, 2006) (ICE, Forward Scotland et al.,
2005).
5.9.2 Weakness
• Gasification and pyrolysis need more time of successful demonstration to 
provide investor confidence, reduce their perceived risk and enhance their 
bankability (McLanaghan, 2002; DTI, 2004; Environment Agency, 2006b).
• There is no data available on long term performance
• They are still at an early stage in terms of achieving commercialisation and are
relatively expensive compared to other fossil-fuel-based energy and thus face 
economic and other non-technical barriers when trying to penetrate the energy 
market. (ICE, Forward Scotland et al., 2005; Yassin, Lettieri et al., 2005).
• Smaller scale facilities have usually higher capital and operational costs (ICE, 
Forward Scotland et al., 2005).
• The process, specially pyrolysis, requires homogeneous fuel, e.g. refuse 
derived fuel, that needs preparation in MBT plants or pre-processing on-site 
(McLanaghan, 2002).
EngD Dissertation Volume III Page 145
5.9.3 Opportunities
• Gasification plants are working in countries like Japan and China with 
technology licenses from companies that went broke in Europe because of 
economic problems therefore the technology is not the problem (Whiting, 
2006)
• Gasification and pyrolysis can best penetrate into the energy markets via
economic development through biomass system integration i.e. with
homogeneous fuels as energy crops and biomass these technologies could 
prove their reliability (Yassin, Lettieri et al., 2005).
• The capacity of gasification plants ordered in Japan surpassed mass burn 
capacity in 2000 and 2001 (Whiting, 2006)
• Syngas produced in gasification and pyrolysis can be used as feedstock for 
producing hydrogen (Environment Agency, 2006b).
• The usually smaller gasification and pyrolysis facilities, when compared with
incineration plants, offer flexibility of scale and localised used in accordance to
proximity principle (McLanaghan, 2002; Yassin, Lettieri et al., 2005;
Environment Agency, 2006b).
• Better energy efficiency can increase energy yields and make them more 
attractive (Yassin, Lettieri et al., 2005).
5.9.4 Threats
• These technologies may been erroneously labelled as incinerators
(Environment Agency, 2006b).
• Failure to perform on long continuous operation may discourage investors.
• Gasification and pyrolysis are fighting against well established market forces.
5.10 Scale
According to Assurre, in 2001, the average unit capacity of incinerators in Europe is
177.000 tonnes per year. Units vary in size from an average of 83,000 tpa in Norway to
488.000 tpa in the Netherlands and the capacity of the plants is usually heavy utilised. 
(Assurre, 2001)
The lower limit of incineration plants appears to be somewhere around 65.000 tpa 
equivalent to 200 tonnes a day (Rand, Haukhol et al., 2000; Hession, 2006; Tomberlin,
2006). That amount roughly equates to a population of 100,000 people. Such facilities 
could fit in sites as small as 3 hectares. (Tomberlin, 2006)
Gasification and pyrolysis plants range from small scale facilities with a capacity of
30.000 tonne per year that can handle the wastes generated by isolated communities, 
to large regional facilities with a capacity between 150,000 to 500,000 tpa (Juniper 
Consultancy Services Ltd., 2003).
Regarding gasification, for large-scale applications, i.e. above 25-50 MW of electric 
output, circulating fluidised bed gasifiers are preferred. Meanwhile for the small-scale
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applications, up to 0.5 MWe, downdraft gasifiers are mainly used. Bubbling fluidised 
bed gasifiers can be competitive in medium-scale applications. (Yassin, Lettieri et al.,
2005)
For small-scale incineration, i.e. less than 80,000 tpa, land requirements could be 
around 30,000 m^  whereas a 50,000 m^  installation could treat around 250,000 tpa. 
Gasification units can be modular between 7,000 and 50,000 tpa with a land take of 
4,500 to 7,500 m  ^according to O'Brien (2002) for treating less than 80,000 tpa. In the 
same report, it is mentioned that pyrolysis units can be modular with capacities 
ranging from 20,000 to 50,000 tpa and similar land requirements to gasification units if 
the amount of waste processed is under 80,000. Should the throughput of the plant 
be higher, O’Brien mentions requirements from 15,000 m^  upwards.
The land take of the Thermoselect gasification plants is 17,000 m^  for an 80,000 tpa 
facility in one line or 51,000 m  ^for a facility that treats 480,000 tpa in four parallel lines 
(Environment Agency, 2006b).
The Tetronics Gasplasma is expected to require 10,000 m  ^for treating 50,000 tpa of 
waste and a building height of 16 m (Environment Agency, 2006b).
A small gasification or pyrolysis plant treating 60,000 tpa would occupy 3,450 m  ^ as 
estimated by ICE (2005), with information from Mitsui Babcock, whereas a medium 
plant with a capacity of 100,000 would require 3,800 m  ^with 4,350 m^  required for a 
plant with a throughput of 150,000 tpa.
5.11 Case Study
The Teeside MSW incinerator in the UK can be used as case study of a big scale 
mass burn installation. The plant was built in 1995/7 and commissioned in 1998. Since 
then it has had no major problems and has operated reliably (Environment Agency, 
2006b).
The plant consists of a reception hall, with two parallel process lines each with an 
identical furnace, boilers and AGP equipment; however, there is a single steam turbine 
generator set. The site covers 4 hectares of land off Haverton Hill Road in Billingham, 
Stockton-on-Tees and the building itself measures 110m long by 60m width and 40m 
height.
The plant burns 240,000 tpa of MSW from Teeside and its surrounds. If the proposals 
of installing a third line materialise, the plant capacity will raise to around 400,000 tpa. 
The plant typically exports 140,000 MWhr of electricity yearly to the grid with an 
average of 20 MW of electric output. From 2000 to mid 2004, 220,000 tonnes of 
Incinerator Bottom Ash (IBA) have been recycled for use as a replacement for virgin 
aggregates in the construction industry (SITA, 2006).
The situation of two small-scale gasification units in NonA/ay were presented in the 
GIWM 2006 paper by Dawber (2006) from Energos, part of the Ener-G group since
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2004. This company has one gasification plant operating in Germany since 2001 and 
seven in Norway, the oldest commissioned in 1997. They are not simple gasification 
units because they have two chambers, one where the heterogeneous MSW is 
partially oxidised extracting some of the hydrocarbons it contains in the form of a 
syngas, and a second chamber where this syngas, with a much more homogeneous 
characteristic, is burnt in a more controlled environment.
The waste is fed in these plants through a tight chute to prevent uncontrolled air to 
enter the chamber, then, an articulated water-cooled grate mixes and conveys the 
waste through the partial oxidation chamber. The waste is gasified under sub- 
stoichoimetric conditions releasing the syngas with an energy content of 4 to 5 MJ/m^ 
The bottom ash is quenched and less than 1 % of the original carbon remains in the 
bottom ash. The syngas, containing methane, hydrogen and carbon monoxide mainly, 
is blown into a secondary combustion chamber where it is ignited to complete the 
oxidation. Heat is recovered by raising steam in a boiler and the flue gases are 
cleaned with the help of dry lime and activated carbon and bag filters. The emissions 
of these plants are consistently well below the more strict limits even with smaller 
clean-up equipment than similar plants thanks to a proper and optimised design in the 
second combustion chamber that minimises the formation of NO  ^ and CO. It is 
recognised that there are corrosion problems caused by the condensation of gases 
from the flue and whilst they are being addressed by improved design, actual 
problems are dealt by proactive measures and appropriate maintenance schedules 
(Dawber, 2006).
The Thermoselect plant in Karlsruhe (Thermoselect, 2003) consisted of three thermal 
lines of gasification followed by “quench shock cooling" that cools the syngas 
processing untreated waste with an annual throughput capacity of 225,000 tonnes 
and a calorific design value of 12 MJ/kg. It began operation in 1999 but closed at the 
end of 2004 because of economics reasons. Nevertheless, the same license is being 
used in Japan with good results hence the technology was not the problem but the 
economic environment.
The Tetronics Gasplasma facility near Oxford generates a syngas in a fluidised bed 
gasificator that passes later through a plasma arc before being cooled and cleaned. 
That syngas is a clean hydrogen rich fuel gas of consistent calorific value used as fuel 
in gas engines that produce electricity 50% of which is exported to the grid. The plant 
also generates heat in the form of low temperature stream and a vitrified solid residue 
that is just 1 % of the waste input in volume (Advanced Plasma Power, 2006).
5.12 Legislation.
The Waste Incineration Directive (200/76/EG) (European Commission, 2000) has been 
transposed into UK legislation via the Pollution Prevention and Control Regulations 
2000 (UK Parliament, 2000). These were introduced under the Pollution Prevention 
and Control Act 1999 (UK Parliament, 1999) that was also used to incorporate into UK 
law the integrated pollution prevention and control directive (EC/96/61) (European 
Commission, 1996) from the EU. The regulation includes the concept of Best Available
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Technology (BAT) and replaces the Integrated Pollution Control regulations that were 
set in place by the Environment Protection Act 1990 (UK Parliament, 1990). These 
regulations limit the emissions of contaminants into the atmosphere, water and soil of 
any existing or new plant that treats waste to very stringent levels.
The Institute for Prospective Technological Studies, part of the Directorate-General 
Joint Research Centre, of the European Union publishes the “BAT Reference” or 
BREF Documents in order to exchange information on these technologies as defined 
in section 16(2) of the integrated pollution prevention and control directive (EC/96/61) 
(European Commission, 1996). There are two relevant publications in the EfW field, 
one is the BREF on waste treatment industries (Institute for Prospective Technological 
Studies, 2005b), and the other one is the BREF on waste incineration (Institute for 
Prospective Technological Studies, 2005a).
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Appendix XIV. 18 month progress report 
1 Executive summary_____________________________
This is the eighteen month report of the Engineering Doctorate (EngD) project “Using 
waste-to-energy technologies as part of building energy systems -  an analysis of 
engineering, environmental and financial impacts,” begun on the 12th of September
2005.
This report presents the progress made to date against objectives set in the twelve 
month and presents the outcomes of the research and project activities carried out 
during the last six months to fulfil those objectives. The most important are:
• Waste estimation tool: A tool to estimate waste arisings and composition for 
any given development was created integrating data collected in the twelve 
month report and a simple methodology. It is described in section three.
• Review of advanced thermal technologies, i.e. incineration, gasification and 
pyrolysis. Similar to the analysis carried out in the twelve month report with 
anaerobic digestion, sections five to seven of this report present a descriptions 
and schematics as well as an analysis of the operating parameters, inputs and 
outputs and the benchmarks and scales of existing plants. Additionally a brief 
description of MBT and plasma arc technologies is also presented in sections 
eight and nine
• Publications. A description of the collaborations and a summary of events 
attended during the past six months can be found in the appendices, and the 
possible topics and deadlines for future publications are discussed in section 
2.3 of this report.
Additionally to reporting on progress to date, this report presents the objectives for 
the next six months up to the second year viva. These are based on the research path, 
objectives and outcomes outlined and described in previous reports with the aim of 
investigating all aspects of the integration of energy from waste (EfW) technologies in 
the built environment. The objectives set for the following six months are:
• Generate a “Waste-Technology-Built environment” map to provide guidelines 
to identify the optimum EfW technology to be incorporated into a given built 
development. The parameters to consider are: energy, plant capacity and 
ability to treat the generated waste.
• Submit a paper to present the waste benchmarking tool by 1®' July 2007 in a 
relevant journal and produce fact sheets for anaerobic digestion and each of 
the advanced thermal technologies to share within Buro Happold and 
disseminate them internally in the company.
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• Define the tools to be used, the areas to cover and the timelines for an 
environmental and economic analysis of different EfW technologies in order to 
compare them with other available waste management options.
2 Progress to date and objectives for next six months.
This section presents the progress made to date against objectives set in the twelve 
month report. It includes a brief description of the most important deliverables from 
the EngD such as papers, tools, etc. produced to answer research questions and fulfil 
the EngD objectives outlined in previous reports and discussed in the bi-monthly 
meetings with the supervisors.
It also covers the topics of current and possible publications, collaboration and other 
dissemination work done during these six months and planned for the future.
Additionally, the objectives for the next six months, up to the second year report and 
the viva examination, are also outlined in this section.
2.1 Progress to date
The previous overall aim of the EngD, to “Investigate the integration of EfW 
technologies and processes with building services” , has been rephrased as 
“ Investigate the integration of EfW technologies and processes within the built 
environment” to reflect the fact that EfW systems should be considered as part of the 
built environment to which buildings and their services belong. This modification 
reflects better the scope of the work completed and proposed for the rest of the 
EngD.
In the twelve month report, the following objectives were set:
1. Complete the database of waste arising figures in different locations as well as 
gather the composition and percentage of recycling of each waste stream for 
different types of building use and developments.
2. Characterise incineration, gasification and pyrolysis as in the exercise with 
anaerobic digestion (AD) presented in the twelve month report. At the same 
time, give an overview of mechanical biological treatments (MBT) and plasma 
arc technologies.
3. Seek contact with relevant people in the EfW field and attend appropriate 
conferences in order to keep up to date with latest developments and to 
network with key players and stakeholders.
4. Prepare a paper to present the waste benchmarking tool.
5. Develop a waste benchmarking tool (WBT) and a Waste-Technology-Building 
services map before the end of the second year of the EngD.
The outcomes of the research and project activities carried out to fulfil these 
objectives can be found in the remaining sections of this report although a brief
EngD Dissertation______________________________ Volume III_________________________ Page 160
summary of how each objective was achieved is presented here. They reflect the 
evolution of the EngD along the research path outlined in the six month report and 
detailed in each of the subsequent progress reports towards the final EngD objective.
Waste arising figures compiled in the twelve month report, together with new ones 
obtained for projects in the last six months, have been incorporated into the database 
of the waste estimation tool, previously known as waste benchmarking took, that is 
presented in section 3 of this report. The database is updatable meaning that fresh 
and relevant information can be incorporated at any time in the future. These activities 
accomplish the first and, partially, the fifth objectives established for the past six 
months. The full completion of the fifth objective is scheduled during the next six 
months.
Section 4 is an introduction to advanced thermal technologies (ATT). Whilst a 
thorough analysis of the three more important ones, namely incineration, gasification 
and pyrolysis is presented in sections five to seven in this report with a brief 
introduction to plasma arc technology and MBT in sections eight and nine. The 
content of these sections allows a detailed characterisation of these technologies 
hence fulfilling the second objective.
Networking is always a key part of any research activity. Being informed of last 
developments, ongoing research elsewhere and personal relations with relevant 
people in the EfW field are necessary for a successful EngD. Ongoing relations with 
SLR Consultants and Roberto Vogel have proved successful and valuable information 
gained from these contacts has been incorporated into this report. New links have 
been built with companies like Greenfinch and organizations including Urban Mines 
and the Resource Efficiency Knowledge Transfer Network. Attendance at the 
“Biomass and Waste to Energy Symposium” in Venice (Italy) in December 2006 was 
also useful in terms of keeping up to date with latest developments, technologies and 
research in the EfW fields.
Internal networking in Buro Happold with project leaders and other specialists, while 
working in various projects, highlighted the need for an EfW fact sheet that could be 
used by them as a quick reference guide to gain some knowledge on EfW 
technologies and allow a quick assessment of the possibilities of EfW in their projects. 
Furthermore, EfW and waste are now part of Buro Happold's standard activities 
together with sustainability, renewable energy, water, etc.
The EfW fact sheet, the article published on the Urban Mines web page and 
summaries of the visit to an AD facility at Ludlow and the Venice conference can be 
found as appendices to this report. These documents reflect the networking tasks 
carried out to fulfil objective three. The article for Urban Mines was useful practice for 
writing a journal paper as required by the fourth objective.
Although the fourth objective has not been fully achieved discussions have been held 
regarding the most appropriate journal in which to publish a paper about the waste 
estimation tool and the associated timelines. It seemed logical to publish the research
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in a peer-reviewed journal and options include the CIWM’s “Scientific and Technical 
Review”, the Waste Management and Research Journal by ISWA, etc. The chosen 
journal, the abstract and the paper will be reviewed by EngD supervisors prior being 
submitted before the second year viva. More detail on publications can be found in 
section 2.3.
2.2 Objectives for next six months
In order to progress the research, the objectives set up for the following six months, 
which will culminate with the second year viva, are in-line with those sketched in the 
first six month report and follow on the work carried out in the past towards the main 
aim of the EngD. They fit in the following research lines:
• Technology: Thanks to the research carried out in the last eighteen months, 
the waste produced and the energy demands of any given development can 
be estimated by the waste estimation tool and existing energy benchmarks. On 
the other hand, the review of the different EfW technologies allows 
identification of the most adequate inputs for each of them as well as 
estimation of their energy outputs. Combining these two pieces of research, 
and using case studies, a “Waste-Technology-Built environment” map can be 
created. This map will help in selecting the most appropriate EfW technology, 
for any given development dictated by type and quantity of energy demanded, 
plant capacity and ability to treat the waste generated by the development. It 
will be constructed by modelling the different technologies' inputs, outputs and 
scales and analysing their suitability with reference to various development 
case studies.
• Environmental and economic comparison with other waste management 
options: Until now, research has been focused on the technical aspects of the 
integration of EfW within the built environment. However, before the second 
year viva, the steps to carry out an economic and environmental analysis and 
compare the results with other waste management options should be outlined. 
The tools to be used, the areas to cover and the timelines for the analysis will 
be discussed in the supervisor meetings so that clear research objectives can 
be incorporated into the second year report.
The remaining aspects that need to be explored before the end of the EngD are, 
according to the objectives set in the first six month report: social perceptions of EfW 
technologies, drivers and barriers for EfW integration within the built environment and 
how to overcome the barriers and finally, the future evolution of EfW technologies. The 
past evolution and the proposed project management plan are incorporated into 
appendix five as a Gantt chart.
Although a paper to present the waste benchmarking tool has been discussed, it has 
not bee yet drafted; hence, it has been carried forward as objective for the next six 
months. Additionally, the creation of fact sheets for each EfW technology is proposed 
as an objective for the next six months. These will be used to increase awareness in
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these technologies in Buro Happold and allow a quick assessment of the possibilities 
of EfW in the projects undertaken.
After all these considerations, the objectives for the next six months are:
• Generate a “Waste-Technology-Built environment” map to provide guidelines 
to identify the optimum EfW technology to be incorporated into a given 
development. The parameters to consider are: energy, plant capacity and 
ability to treat the generated waste. The deadline for this objective is October 
2007.
• Submit a paper to present the waste benchmarking tool by July 2007 in a 
relevant journal and produce fact sheets for AD and each of the ATT 
technologies to share within Buro Happold and disseminate them internally in 
the company before the same date.
• Define the tools to be used, the areas to cover and the timelines for an 
environmental an economic analysis of different EfW technologies in order to 
compare them with other available waste management options. This objective 
will be discussed in the first supervisor meeting of the next six months and the 
appropriate deadlines agreed then.
2.3 Publications.
It is a requirement for an EngD to publish at least two refereed papers that support the 
claims to “contribution to knowledge”. The acceptance process for such journals is 
relatively long; hence, it is necessary to plan their submission well in advance.
It may be a good practice and a good networking opportunity to present during this 
year a poster outlining the EngD objectives and research at a relevant conference. 
Possible conferences are the Chartered Institution of Waste Management Annual 
Congress 2007, the Sardinia Symposium 2007 or the ISWA World Congress 2007. 
Attending or presenting in these conferences will be discussed with the supervisors.
The topic of the two compulsory peer-reviewed papers is currently envisaged to be:
• Waste quantity and composition from different developments and the Waste 
Benchmarking Tool. This paper should be written and submitted before the
of July 2007 so that it can be accepted before the second year dissertation 
although it may be published after it.
• EfW technology selection according to quantities and composition of waste. 
This second paper will be based on the research work carried out to develop 
the “Waste-Technology-Built environment” map that is an objective for the 
next six months. The paper will be submitted at the beginning of the 3'"^  year 
with the objective of being published during the 4'^  year.
However, depending on the evolution and the relevance of the findings of the EngD, 
papers on the following topics can also be considered:
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• EfW technologies’ environmental and economic analysis and comparison with 
other waste management practices;
• Social considerations on EfW e.g. stakeholder perception, barriers, etc.
In April 2007, an article was written and published in the “Think Spot” section of the 
Urban Mines’ website. The article is included as appendix one. This article was useful 
as a practice for writing scientific papers in the future.
An “Energy from Waste fact sheet” , incorporated as appendix three, has also been 
produced to be distributed internally in Buro Happold as a supporting general EfW 
presentation. It has been established as an objective for the next six months to 
produce a similar fact sheet on each of the EfW technologies, namely AD, gasification, 
incineration and pyrolysis. These fact sheets will increase awareness of EfW 
technologies and will allow a quick assessment of the possibility of including these 
technologies on projects.
2.4 Tools
In section two of the twelve month reports, the creation of two tools, the waste 
benchmarking tool and a “Waste-Technology-Building services” map, was set as an 
objective.
The first one has been developed and tested in some projects during the last six 
months. This tool was deemed necessary in the twelve month report and the creation 
of a methodology, populating its database and testing it in some projects was set as 
an objective for the past six months. By using it for projects, its usability has been 
improved and new waste benchmarks have been added to the database. The tool is 
presented and explained in section 3 of this report.
The “Waste-Technology-Building services” map will be developed during the following 
six months. Because of its requirements of a deep knowledge of all EfW technologies 
and of the waste estimations its developments has been delayed until now. The tool 
has been renamed from previous report to adapt to the new aim of the EngD that now 
covers the built environment as a whole. This tool will help in selecting the most 
appropriate technology to deal with a given quantity of waste with certain composition 
and to integrate it within the development’s building services. Because of the number 
of variables, their uncertainty, project restrictions, technology particularities, etc. it can 
be expected as a decision support tool in the early stages of a project rather than to 
provide an accurate answer. A preliminary version of this tool will be ready for the 
second year viva examination.
2.5 Project collaboration and other activities.
During the last six months, participation was sought in projects with relevance and 
potential benefit for the EngD. Collaboration in these projects has been helpful in 
developing and testing the waste estimation tool, gaining knowledge of EfW 
technologies and in some cases as networking opportunities.
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• Brent Cross Cricklewood (North London, UK). The final report for this major 
redevelopment in North London was submitted to obtain planning permission, 
including the ATT plant that is proposed as part of the development. In one of 
the sections of the report, carbon savings from EfW technologies needed to be 
estimated; the methodology devised will be reused in the future to assess 
environmental benefits of EfW technologies. By participating in this project, 
very recent and up to date information from EfW plant manufacturers was 
acquired on costs, footprints, references and EfW plant design. This 
information was obtained from the reports produced by SLR Consultants Ltd., 
the external waste consultant for the project.
• New Holland development (St. Petersburg, Russia): This island in St. 
Petersburg is being redeveloped and Buro Happold is advising on 
sustainability. An estimation of waste and a preliminary study on possible 
methods of waste collection was carried out. This was one of the first projects 
where the WET was used and showed the need for using conversion factors to 
generate coherent information to be incorporated into reports for the design 
team.
• Serrenia development (Red Sea, Egypt): Buro Happold is assisting the 
developers of a luxurious development proposed for Egypt’s Red Sea coast 
with innovative whilst sustainable design, energy, water and waste solutions. 
The WET was used to estimate the waste that would be generated by the 
buildings in the development to size the waste collection system and to 
investigate the possibility of an EfW plant located near the development to 
treat its waste and recover part of its energy to be used back in the 
development.
• Great Park in Orange County (Los Angeles, USA): The redevelopment of an old 
military base into a huge park near Los Angeles has been another opportunity 
to test and improve the WET. The real possibility of building an AD system to 
treat putrescible and green waste produced locally as one of the renewable 
energy features of the development will benefit study of the status of those 
systems in the United States of America.
Other activities carried out during the last six months are presented here for 
completeness:
• In the first week of December 2006, the “Biomass and Waste to Energy 
Symposium” took place at Venice. Attendance was agreed with supervisors 
based on networking opportunities and to gain experience of international 
conferences where research will be published in the future. A summary of the 
conference can be found in appendix four
• In late December 2006, an anaerobic digestion plant in Ludlow was visited. It 
was designed by Greenfinch Ltd. and it is operated by them together with the 
local council. It was very useful for understanding AD technology: its 
capabilities, problems, actual size and operating requirements. It is the biggest 
plant designed by Greenfinch Ltd. and one of the very few systems in the UK 
operating with MSW. Contacts made during the visit have already been very
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useful providing help in AD queries. A summary of the visit can be found on 
appendix two.
• During the last six months, two compulsory modules. Corporate Social and 
Environmental Responsibility and Environmental Auditing and Management 
Systems, lasting one week each, which are part of the EngD taught component 
were attended and their respective assignments submitted.
• Fourteen days of holidays were enjoyed during the last six months.
3 Waste Estimation Tool_________________________
This tool was originally named “Waste Benchmarking Tool” but it will predominantly 
be used to estimate waste arisings and not for benchmarking existing installations, 
therefore it has been renamed as “Waste Estimation Tool” .
The Waste Estimation Tool (WET) uses benchmarks from reputable sources, similar 
projects, existing reports, etc. to estimate the quantity and the composition of the 
waste produced in any development when it is still at the early stages, i.e. before 
stage D or “detailed proposals” according to the RIBA plan of work stages (RIBA,
1999).
Detailed research was carried out during the second semester of the EngD and 
presented in the twelve month report. During the last six months, the methodology 
and data have been implemented as a software tool based on Microsoft Excel. The 
tool has been tested in different projects and has proved its utility in predicting the 
waste arisings and composition as part of the sustainability framework in several 
projects undertaken by Buro Happold. Some of these projects were Madaba 
University (Madaba, Jordan), New Holland (St Petersburg, Russia), Serrenia 
development (Red Sea, Egypt), the Great Park (Orange County, California) and 
collaborations in smaller projects where quick estimations of the waste generated by 
them were carried out. Using the tool in these projects led to improvements to its 
actual interface and working methodology, although these can be changed should it 
be necessary.
The capability of estimating the waste produced by a development and incorporating 
it into a specific waste strategy for the development adds value to Buro Happold's 
projects and now it is one of the standard topics covered by a general sustainability 
assessment together with conventional and renewable energy, water, etc. The WET 
uses academic research, i.e. collating existing waste benchmarks and establishing the 
methodology, to help with real life business cases fulfilling a previously poorly 
addressed requirement.
WET clearly presents, in numerical and graphical format, waste quantities and their 
percentage of paper/cardboard, metal, glass, plastic, putrescible and other 
constituents. It can be used on a single or a group of buildings of different types in a 
given location. WET has been designed with simplicity and scalability in mind so that 
the database can be simply updated by the user and a quick calculation presents the
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results instantaneously. Simplicity and ease of use is reflected by the colour coding 
applied to cells:
• Blue background means “ Input cell", i.e. where users should type in data;
• Orange cells are “Calculated cells” whose values are calculated using other 
cells in the spreadsheet; and
• Yellow background means “Output cell” , i.e. WET presents output copied from 
another part of the spreadsheet.
The application consists of a “front end” and a “back end”. The “front end” or user 
interface is the “ Input and Output” worksheet, where information from the 
development is input. The updatable database is the “back end” and will be used less 
frequently by the user. The database itself is the “WQ&C” or “Waste quantity and 
composition” worksheet, from which relevant data are gathered, manipulated and 
presented, in summarised and detailed format, in the “Input and Output” worksheet. 
Because of the internal working mechanism of the application, which uses pivot 
tables, every time data is modified or added to the database, it needs to be resorted 
and refreshed. This is done by clicking in the “Sort and Refresh” button at the bottom 
of the worksheet (of. Figure 1).
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F ig u re  1. D a ta b a s e  w o rk s h e e t  s c re e n s h o t.
The required inputs for the WET are the building type and its location as well as an 
area or occupancy figure, e.g. m^ number of people, employees, hospital beds, etc. 
The building type and location can only be chosen to match data existing in the 
database; should new values for these fields be required, they must be introduced first 
into the database. Another two columns contain an optional conversion value and its 
units. These columns were deemed necessary because of the different units of the
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benchmarks found in various sources and compiled in the database. These 
conversion factors allow the presentation of data that exist in the database in one 
format, e.g. kg of waste per person per day, into more meaningful units, e.g. tonnes of 
waste per m^  of building per year, or in any case to present benchmarks from different 
sources with a uniform unit. A spare column is reserved for comments.
The application outputs are waste quantities and percentages both in numerical and in 
graphical, i.e. a pie chart, format so that they can be easily integrated into reports.
The database or “back-end” is a simple list of registers that contain information under 
the following fields: “Building type” , “Location”, “Quantity” (of waste), “Unit” , “Type of 
waste”, “Paper/cardboard”, “Metal” , “Glass”, “Plastic” , “Putrescible” , “Other” and 
“Reference/comment” , most of them being self-explanatory. The “Unit” field contains 
the unit in which the waste benchmark was published originally but it can be 
transformed in the “result” section of the “ Input and Output” worksheet using the 
conversion value columns. The type of waste can be either “generated” or “residual” ; 
the latter is generated waste from which recyclable fractions have been partially or 
totally removed.
Input section in the “Input and 
Output" spreadsheet
Output section in the 
“Input and Output” 
spreadsheet
Waste 
quantity and 
composition
(WQ&C)
“Database”
Pie chart In the 
“Input and 
Output” 
spreadsheet
F ig u re  2. W E T  m e th o d o lo g y  s c h e m a tic .
The methodology to generate the results does not involve complex calculations, only 
multiplications. Each different building must be on a separate line. Building type and 
location are selected from a limited set of values for which data exist in the database. 
According to the values introduced, data are extracted from the database and brought 
to the “ Input and Output” worksheet. These data are multiplied by the area/occupancy 
value and by the conversion factor, if present, to obtain the total waste composition
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and percentage of each waste stream. Waste from individual buildings is added to 
estimate the total for the development. Quantity and composition of the whole 
development waste is finally presented in numerical form and in a pie chart. This 
process is presented schematically in Figure 2.
4 Advanced thermal technologies__________________
This section will briefly introduce incineration, gasification and pyrolysis otherwise 
known as advanced thermal technologies or ATT for waste treatment. Specific 
information for each of them will be provided in the relevant sections. These 
processes have been used in the past to treat stock other than waste with notorious 
success e.g. gasification of coal to produce town gas or pyrolysis of wood to produce 
charcoal. Nevertheless, only the main ATTs will be covered because the purpose of 
this review is to have a general understanding of their applicability, capacities, 
limitations, etc. from an EfW point of view to complete the picture of the different 
technologies started in the twelve month report with anaerobic digestion.
This section also covers some topics common to all ATT, like legislation, so that they 
need not to be repeated in each section.
4.1 Literature review
A review of the main ATT is very difficult and even the specialised consultancies have 
encountered problems in doing it. The Fichtner (2004) and Juniper (2000) reports 
suffered one of the typical problems faced by researchers of new technologies, i.e. the 
lack of contrasted information and reference plants that can support statements done 
by commercial companies that want to sell their plants. Another intrinsic report of EfW 
technologies is that they use waste with variable composition and calorific values 
hence adding variability to the results.
There are not many commercial scale ATT plants that have operated for long periods, 
apart from incinerators, therefore emissions and performance data are usually values 
from pilot plants during short runs and with a certain feedstock that may not be 
significant of their performance when scaled up or with variable feedstock (CIWM,
2003). Nevertheless, comprehensive revisions of the status of ATTs, mainly in the UK 
but with references to Europe and the rest of the world are published by Fichtner 
Consulting Engineers Ltd. (2004), by Dr. Stuart McLanaghan (2002) and Juniper 
(2000). In addition, the Environment Agency Waste Technology Centre (Environment 
Agency, 2006) has a very good description and case studies of ATT under the 
chemical type of technologies and DEFRA has compiled some more case studies and 
examples of thermal treatment plants in the UK and overseas (DEFRA, 2005b). Finally, 
the report “Review of BAT for new waste incineration issues” (AEA Technology, 2001) 
focuses mainly in gasification and pyrolysis with comprehensive descriptions of the 
processes, the associated pre and post activities and the different prime movers used 
to produce power.
EngD Dissertation Volume Page 169
Another good source of information on ATT technologies are the reports from 
specialised consultancies for local authorities to help them understand each 
technologies and what is more appropriate solution in their waste strategies. One of 
these reports used in this research is produced by Associates in Industrial Ecology for 
Kingston Upon Hull and East Riding of Yorkshire councils (Associates in Industrial 
Ecology, 2003).
4.2 Current world situation
Incineration is the leading ATT in the EfW field because the number of gasification and 
pyrolysis plants is well behind incineration; however, in some parts of the world, like 
Japan, this is changing (Juniper Consultancy Services Ltd., 2000; Sutcliffe, 2002). The 
report “The viability of advanced thermal treatment of MSW in the UK” by Fichtner 
Consulting Engineers (2004) presents a comparison of gasification/pyrolysis versus 
incineration. It dismisses some of the facts usually mentioned in the literature as 
incineration disadvantages. Nonetheless, it confirms that some gasification and 
pyrolysis process have had to be abandoned because of problems in operation and/or 
commissioning, e.g. Lurgi processes, Wollongong demonstration plant, based on 
Brightstar’s SWERF technology, the Furth plant, based on Siemens technology, etc. 
The situation presented reflects that gasification and pyrolysis are not yet 
commercially proven, and that some of their advantages come at the expense of pre­
treatment that, when taken into account, equilibrate the balance with incineration.
With respect to scale, gasification and pyrolysis are usually modular processes and 
smaller than incineration hence cannot achieve the efficiencies and economies of 
scale of it. Consequently, the bankability of the gasification and pyrolysis projects is 
uncertain and the social repulse to incineration prevents advanced thermal treatments 
to thrive in the UK and other Anglo-Saxon countries. One of the objectives of the 
EngD is to find ways to overcome the barriers that prevent EfW to be integrated into 
the built environment.
In Europe, capacities are larger for incineration and smaller for gasification and 
pyrolysis as can be seen in the next summary table extracted from the BREF 
document on waste incineration (Institute for Prospective Technological Studies, 
2005a):
Technology
Capacity
(tpa)
Incineration -  moving grate 40 -  240
Incineration -  fluidised bed 12 -66
Incineration -  rotary kiln 3.5-115
Pyrolysis 3 .5 -35
Gasification 80-160
T a b le  1. A T T  c a p a c itie s  (In s titu te  fo r  P ro s p e c tiv e  T e c h n o lo g ic a l S tu d ie s , 2 0 0 5 a ).
Alibardi (2006) quotes that in 2005 the world’s thermo-valorisation industry treated 
approximately 143 million tonnes of MSW. Regarding the amount of waste treated by
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thermo-valorisation, the European Union is ahead followed by Japan and the United 
States. To date, throughout the 25 member states of the European Union, from a total 
of 243 million tonnes of waste produced yearly, 50 million tonnes of which are 
disposed in approximately 400 thermo-valorisation plants. At this time, 27 million 
MWh of electricity and 63 million MWh of heat are produced, providing electric power 
to 27 million inhabitants and heat to 13 million inhabitants hence saving an enormous 
amount of fossil fuels (Alibardi L. and Cossu R., 2006).
Alibardi refers to a previous study to generate the following table with estimates of the 
quantity of waste treated in thermo-valorisation plants throughout the world (Alibardi 
L. and Cossu R., 2006).
Country/Region Million tonnes per annum
EU-25 48.8
Japan 40.0
US 26.3
Taiwan 7.0
Singapore 4.0
China 3.0
Switzerland and Norway 3.8
South Korea 1.0
All other 9.0
TOTAL 143
T a b le  2 . E s tim a tio n  o f  w a s te  t r e a te d  in th e rm o -v a lo r is a t io n  p la n ts  (A lib a rd i L. a n d  C o s s u  R ., 2 0 0 6 ).
4.3 Inputs and outputs
The input to an ATT plant can be raw MSW, typically for incineration plants, refuse 
derived fuel (RDF), more suitable for gasification and pyrolysis process, hazardous or 
agricultural waste, biomass, or even sewage sludge. Outputs depend on the type of 
technology. All ATT have in common that they produce some bottom ash, from the 
main reaction chamber, and some fly ash, collected by the air pollution and control 
(ARC) equipment. With regards to the useful outputs:
• Incineration produces some ash and a very hot gas from which energy is 
recovered in a boiler house in the form of steam or hot water.
• Gasification produces a gas known as syngas that can be used as fuel in other 
thermal processes plus a carbonaceous residue that can be disposed or burnt 
to utterly extract the energy in it.
• Pyrolysis can produce a variety of solid, liquid or gaseous outputs depending 
on the temperature and the time the fuel to the process is treated.
ATTs are thermo-chemical processes. The difference between them is the amount of 
oxidant, e.g. pure oxygen or air, allowed to react with the fuel. When the amount of 
oxidant present is the exact amount required for just a full and complete oxidation of
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carbon in the fuel, the reaction takes place in stoichiometric conditions. Pyrolysis 
takes place in absence of oxygen whereas gasification takes place in sub- 
stoichiometric conditions i.e. with less oxygen than required for a full and complete 
oxidation; finally, incineration occurs with excess oxygen or air therefore some oxygen 
is present in the flue gases. The following figure represents the different ATTs with 
their respective supplied to stoichiometric air ratio:
Pyrolysis Gasification Incineration
I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ►
0 1
Supplied oxygen
Stoichiometric oxygen
F ig u re  3 . S u p p lie d  to  s to ic h io m e tr ic  a ir  ra tio .
Incineration and gasification are exothermic process, i.e. energy is released in the 
form of heat during the process, whereas pyrolysis is endothermie, i.e. consumes 
energy, it is not self-sustainable and needs external heat. Consequently, it is a 
common arrangement that the exhaust gases of a gasification or an incineration 
chamber are used to maintain the temperature of the pyrolysis chamber, e.g. 
Compact Power technology.
The typical phases that fuel used in any thermal processes undergoes are: drying, 
pyrolysis, gasification and finally oxidation. These phases occur simultaneously and 
influence each other; however, some processes are designed to dwell on the second 
or third stages hence the generic names of the technology e.g. pyrolysis or 
gasification (Institute for Prospective Technological Studies, 2005a).
One of the most important design parameters of an advanced thermal plant is thermal 
input, which is the product of mass throughput times its low CV. Low calorific value is 
used because there is no condensation of water vapour in any of the technologies 
hence there is no recovery of the latent heat of vaporisation. ATT plants are usually 
ranked according to mass throughput and when used pre-processed fuels, e.g. RDF 
with higher CVs, there may be some confusion. When RDF is used as fuel in an ATT, 
mass throughput is less than if MSW was used because of the higher CV of the former 
hence direct comparisons on pure mass throughputs are inappropriate unless 
between same fuel types. Unfortunately, most of the available literature only mentions 
mass capacity and not the CV of the fuel. In general, gasification and pyrolysis units 
use fuels with higher calorific values than incineration. For example, the SLR report 
assumes, for a London ATT plant, a CV of 10 MJ/kg for unsorted MSW and 16 MJ/kg 
for RDF (SLR Consulting Ltd., 2006). Fuel CV has high variability and these values 
should only be considered indicative. This fact together with the need for more
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homogeneous fuel for gasification and pyrolysis mean that these plants tend to use 
RDF as feedstock.
The main operating parameters of ATTs are temperature, heat transfer ratio and 
emissions in all the technologies but more specific details are provided within the 
relevant chapters.
4.4 Benchmarks and mass/energy balances
Mass balances can be found in each relevant section, due to their great variability 
from one technology to the other.
With regards to energy efficiencies, they are limited by thermodynamic and 
mechanical laws. Nonetheless, other heat losses, e.g. through ashes and the stack, 
radiation, etc., and mechanical loses, e.g. friction, electric losses, etc., further reduce 
process efficiencies. Energy benchmark figures for EfW facilities are presented in two 
forms, efficiencies, i.e. percentages, or energy per tonne processed. Both can be quite 
misleading if compared between different reports. Efficiencies can refer to a special 
type of fuel with certain composition and CV, which is usually not quoted, whereas the 
energy produced can be electricity or heat but is again dependant on fuel CV and 
composition. Additionally, when reviewing efficiencies and energy yields it is 
necessary to consider the purpose of the ATT because it may not be always to extract 
all the energy but to render the waste inert by producing a slag rather than granulated 
ash. Finally, simpler systems may be cheaper to built and operate and be pretty 
efficient on treating a specific waste but more complex systems may be suited for a 
variety of wastes hence making again the comparison a difficult exercise. Some of 
these caveats are raised in the Juniper report (2000) reinforcing again the idea that 
simple comparisons can be misleading.
Some more detailed benchmarks are presented in the individual sections of each 
technology although Figure 4 plots energy output per tonne of input waste for different 
ATT processes differentiating if the output is granulated ash or a stable slag.
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F ig u re  4 . C o m p a ris o n  o f p o w e r  o u tp u ts  fro m  m ix e d  w a s te  p ro c e s s e s  (J u n ip e r  C o n s u lta n c y  
S e rv ic e s  L td ., 2 0 0 0 ).
Energy benchmarks, efficiencies, costs, etc. presented in the next sections of this 
report should not be taken as exact, as they clearly depend on the CV of the 
feedstock and many other intermediate variables of the process, although they are 
useful as indicative values. In my opinion, efficiencies benchmarks are more useful 
because they can be more easily used for different CV of the fuel.
Table 3 has been extracted from the Fichtner report (2004) and shows energy thermal 
and net energy efficiencies for various ATT that can be considered guidelines. 
Efficiencies presented in it, refer to plants where only electricity is produced but when 
rejected heat can be usefully harnessed into a district-heating scheme, the efficiency 
is greatly improved. This is current practice is many of the existing EfW facilities in 
northern Europe that are combined heat and power plants. The SELCHP facility in 
south London, presented as a case study in section 5.10, is ready to distribute the 
heat but because there is no market for it, it is being dumped away. This is a clear 
example where producing heat and power is a sound practice from an environmental 
point of view but economic forces prevent it to happen. Possibilities to overcome this 
barrier will be explored in the last two years of this research.
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T a b le  3 . T h e rm a l te c h n o lo g ie s  e f f ic ie n c ie s  (F ic h tn e r  C o n s u ltin g  E n g in e e rs  L td ., 2 0 0 4 )
Additional energy and mass balances can be found in the Waste Technology Data 
Centre of the Environment Agency (2006) and in the “Thermal methods of municipal 
waste treatment” report from Biffa (2003)
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4.5 Legislation and planning.
Legislation and the need to obtain planning permission are two strict aspects that ATT 
need to comply with. Because they are common to every ATT, they are presented 
here rather than individually in each technology section.
The Waste Incineration Directive or WID (200/76/EC) (European Commission, 2000) 
has been transposed into UK legislation via the Pollution Prevention and Control 
Regulations 2000 (UK Parliament, 2000). These were introduced under the Pollution 
Prevention and Control Act 1999 (UK Parliament, 1999) that was also used to 
incorporate into UK law the Integrated Pollution Prevention and Control Directive 
(EC/96/61) (European Commission, 1996) from the EU. The regulation includes the 
concept of Best Available Technology (BAT) and replaces the Integrated Pollution 
Control regulations that were set in place by the Environment Protection Act 1990 (UK 
Parliament, 1990). These regulations limit the emissions of contaminants into the 
atmosphere, water and soil of any existing or new plant that treats waste to very 
stringent levels.
The following table is an extract of the emission limits set by WID as shown in the 
Fichtner report (2004):
Units WID Limits
Particulates mg/Nm^ 10
Sulphur dioxide mg/Nm^ 50
Oxides of nitrogen mg/Nm^ 200
Carbon monoxide mg/Nm^ 50
Hydrogen chloride mg/Nm^ 10
Hydrogen fluoride mg/Nm^ 1
Total organic carbon mg/Nm^ 10
Mercury mg/Nm^ 0.05
Cadmium, Thallium mg/Nm^ 0.05
Other metals mg/Nm^ 0.5
Dioxins & furans ng/Nm^ 0.1
T a b le  4 . E m is s io n  lim its  s e t  b y  W ID .
The Institute for Prospective Technological Studies, part of the Directorate-General 
Joint Research Centre of the European Union publishes the “BAT Reference” or BREF 
documents in order to exchange information on various of these technologies in 
different technology fields as defined in section 16(2) of the Integrated Pollution 
Prevention and Control Directive (EC/96/61) (European Commission, 1996). There are 
two relevant publications in the EfW field, one is the BREF on waste treatment 
industries (Institute for Prospective Technological Studies, 2005b), and the other one 
is the BREF on waste incineration (Institute for Prospective Technological Studies, 
2005a).
With regards to planning permission, the best practice environmental option is 
required and Planning Policies Statements, which replace Planning Policy Guidance,
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are published explaining the policy and how to approach the planning processes. For 
example, an environmental impact assessment is required to grant pianning 
permissions for almost every EfW development and emissions and operation licenses 
are granted under Pollution Prevention and Control legislation. Most of these aspects 
are introduced in the “Energy from Waste: A good practice guide" report (CIWM,
2003) although proper guidance and help need to be sought in the Environment 
Agency and the LA.
Netregs (2007), a part of the Environment Agency established to help small and 
medium business on environmental topics, has a list of current and future applicable 
waste regulations to England, Wales, Scotland and North Ireland.
Not only existing waste legislation is relevant, strategy and future policy influence the 
way EfW systems are built and operated. For example, the Renewable Obligation and 
its revisions define which sources of energy can earn ROCs hence being paid at a 
premium. The Renewables Obligation was introduced on 1st April 2002 and is 
periodicaiiy revised. It places an obligation on ail licensed electricity suppliers to 
produce evidence that they have sourced a specified proportion of their electricity 
supplies from renewable energy sources. The current target is 6.7% for 2006/07 rising 
to 15.4% by 2015/16 (DTI, 2006). When applied to advanced thermal treatment, ROCs 
can only be granted to the renewable part of the fuel hence just to the biodegradable 
or short-life cycle carbon content of the waste, i.e. 50 to 70%, of the waste weight 
depending on composition.
Regarding the strategy, local policies, e.g. the G LA requirement for ail developments 
to offset 10% of their carbon emissions by renewable energies on-site, and the plans 
to increase that figure in the future (GLA, 2006) mean EfW systems are more likely to 
be built within new developments.
5 Incineration____________________________________
Incineration has some advantages over other energy from waste technologies on 
technical and financial grounds although the huge social opposition in some Anglo- 
Saxon countries and unavailability at small scales prevents it from being the optimum 
solution for the integration of energy from waste systems into the built environment.
This section describes the technology, its inputs, outputs and key operating 
parameters as well as the different types of existing systems. A strength, weaknesses, 
opportunities and threats (SWOT) analysis is also presented with some case studies 
and a summary of capacities, costs and efficiencies.
5.1 Description
incineration or “mass burn" is usually referred to in the literature, reports and 
conferences as “energy from waste". However, in this EngD the term energy from
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waste (EfW) has been used generically for all technologies capable of extracting any 
form of energy out of a material considered “waste”.
Incineration was previously used extensively in the UK but the introduction of the 
Waste Incineration Directive (WID) (European Commission, 2000), limiting contaminant 
emissions, has forced several installations to close down or retrofit expensive clean­
up equipment (The Environment Council, 2004). The evolution of incineration in the UK 
and the situation in the mid nineties, just before the new legislation came to force, is 
very well summarised by Burnett (1994) in a conference where incineration was 
presented as the “Best Practicable Environmental Option”. Although the “future” 
described in the 1994 conference is now the “present”, some evolution can be 
noticed, e.g. stricter incineration emissions limits and better iandfiii management 
practices. Some other aspects are still being discussed e.g. iandfiii gas usage, 
integrated waste management strategies, etc. proving that the topics were and stiii are 
relevant and have no easy solution.
Incineration was well established at the beginning of the twentieth century as the 
following quote reflects “By 1914, 338 refuse incinerator plants had been constructed 
in Great Britain with 225 of these having the refinements of boilers for waste heat 
recovery.” (Clennel and Lowe, 1983). In the second half of the century, technology 
evolved, e.g. “ In the late 1960s, the first “modern moving grate” incinerator opened in 
Tyseiey near Birmingham on an experimental basis with the first two operational 
plants in Middleton and Sutton Coldfield opening in 1968” (Burnett and Gulley, 1994). 
There was a big growing period in the 1960 and 1970 thanks to, among other reasons, 
availability of new technology and introduction of smokeless zones but nowadays the 
number has dramatically dropped.
Very minimal costs of landfilling in old mines and quarries with direct landfilling around 
ten times cheaper than incineration with heat recovery (Burnett and Gulley, 1994) 
combined with operational problems in some plants were the reasons behind the end 
of the seventies boom. Only in very few locations, e.g. with large district heating 
schemes or with government funding, was it considered possible for incineration to 
compete with iandfiiiing. The situation does not differ greatly from today's. In the late 
eighties and early nineties, energy prices increased reviving the interest in EfW 
technologies. The Non Fossil Fuel Obligation regime, the predecessor of the current 
Renewable Obligation Scheme, started reflecting Government’s support of renewable 
energies amongst which was incineration although it does not qualify for ROCs any 
more (DTI, 2006). Burnett (1994) analysed the situation of incineration and the positive 
and negative aspects for boosting or hindering its development and they do not seem 
very different from nowadays situation.
Incineration cannot be ruled out and it is still seen as a technology necessary as part 
of an integrated waste management strategy (Assurre, 2001).
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5.2 Classification
Incineration systems can be classified according to the design of the combustion 
hearth and the reactor (Biffa, 2003). The following three are some of the most common 
types;
• Moving grate;
• Rotary kiln; and
• Fluidised bed.
Charging 
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F ig u re  5 . M o v in g  g ra te  s c h e m a tic  (G lo b a l E n v iro n m e n t C e n tre  F o u n d a tio n , 2 0 0 7 b )
Figure 5 shows a moving grate combustion chamber. Inside a fixed combustion 
chamber, the moving grate tumbles the waste to ensure optimum combustion while 
conveying it towards an ash disposal mechanism at the end of the chamber. Almost 
any type of waste, moisture and particle size with calorific values (CV) above 7 MJ/kg 
(Rand, Haukhol et al., 2000) can be fed to these systems making them very versatile.
Basically, a rotary kiln is an inclined rotating chamber, where waste is fed into one end 
and ignited with a burner. The movement, that can be continuous or oscillating, 
breaks up the combusting wastes and the speed of rotation determines its residence 
time in the kiln. Rotary kiln are suitable for all types of waste and are widely used in 
the cement industry. Sometimes, these types of incinerator require a secondary 
combustion chamber to achieve the temperature and residence times required by 
legislation. Figure 6 shows the schematic of a rotary kiln incinerator.
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Fluidised beds incinerators consist of a bed of sand or similar inert material contained 
in a chamber. The bed is brought to a fluidised state by a flow of primary combustion 
air. The waste is introduced into the bed where it is efficiently dispersed. Pre-heating 
systems are used for start-up but in steady state the reaction is self-sustained and 
extra heat is extracted, usually to raise steam. Fluidised bed systems can be identified 
according to the type of movement inside the bed: bubbling, turbulent or circulating. 
These systems achieve very high heat transfer rates and are more compact than 
moving grates (Yassin, Lettieri et al., 2005). They usually require smaller ARC 
equipment when compared with moving grate designs (McLanaghan, 2002). However, 
they usually require homogeneous fuel particle sizes so they are best suited for pre­
treated waste and RDF or liquid fuels like sewage sludge (The Environment Council,
2004). An example of a fluidised bed chamber is shown in Figure 7.
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Although most incinerators use moving grate designs, fluidised bed designs are 
becoming more popular and rotary kilns are used mainly for hazardous and industrial 
wastes (Juniper Consultancy Services Ltd., 2000; The Environment Council, 2004). 
With regards to scale, moving grate and fluidised bed compete at the ‘large end’ of 
the market, i.e. over 125,000 tpa whereas oscillating beds or rotary kilns tend to be 
used on smaller throughputs (Environment Agency, 2006).
5.3 Process
Some incineration plants accept liquid fuels but the most common ones are designed 
for solid fuels and this type is described here. At the forefront of an incineration plant, 
there is a bunker where fuel, e.g. raw MSW, RDF, etc. is stored. A crane is used to 
feed it into a hopper. The crane is operated by a skilled technician who needs to 
achieve some homogeneity in the feedstock properties, e.g. moisture, CV, etc. from a 
usually heterogeneous combination of wastes. At the end of the process, a stack is 
used to disperse the flue gases back into the atmosphere. The stack height and 
location are determined by technical aspects, but also by legislation, primarily the 
Clean Air Act 1993 (UK Parliament, 1993) and planning requirements.
Feedstock is introduced into the combustion chamber usually by a ram or a conveyor 
screw that also acts as a seal to prevent burn-back and to guarantee air tightness. 
Regardless of the type of combustion chamber, e.g. moving grate, rotary kiln or 
fluidised bed, the fuel usually undergoes a progressive increase in temperature until it 
reaches the combustion zone where temperatures are at their highest. All volatile 
components are evaporated and oxidised, releasing energy that heats the incoming air
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and fuel hence making the reaction self-sustainable under steady conditions. Hot 
gases pass through energy recovery equipment, e.g. boilers and heat exchangers 
where they are cooled, and through cleaning equipment where suspended particles 
and hazardous chemical compounds are removed prior to being exhausted through 
the stack. The necessary air for the combustion is introduced in the combustion 
chamber by powerful fans that suck air from the bunker in order to prevent any odour 
release. Bottom ashes, i.e. fuel residues and other solid outputs, are usually disposed 
to normal landfills, after recyclable metals have been extracted, or used as filling 
material such as aggregates. In some circumstances, they may have a high 
concentration of heavy metals or poor leachability properties in which case they need 
to be sent to special controlled sites.
Heat recovery equipment consists of tubes located around the top of the combustion 
chamber and across the hot gas exhaust path in order to exchange heat by radiation 
and convection with the fluid, usually water, which flows through the tube side. Water 
is converted into high-pressure steam in the boiler and expanded in a turbine that is 
usually coupled with an electric generator to produce electricity, and finally condensed 
and recirculated again in a closed loop.
APC is used to clean exhaust gases. It consists of various type of equipment with 
specific purposes to limit plant emissions like electrostatic precipitators and 
scrubbers. Inside electrostatic precipitators, particulate matter is electrically charged 
and deflected by an electric field into a collector. Acidic gases are removed with 
scrubbers, which can be dry, semi-dry or wet, most commonly exhaust gases pass 
through a chamber where hydrated lime is sprayed to react with acid species in the 
gas. Other systems intended to limit emissions of particulate matter are cyclones and 
filter bags.
Some of these elements are shown in Error! Reference source not found..
5.4 Scheme
An incineration plant can be represented by three main blocks and some ancillary 
equipment like fuel and ashes storage, ash quenching, etc. They are:
• combustion chamber;
• energy recovery system; and
• clean-up equipment.
Error! Reference source not found, shows a schematic drawing of an incineration 
plant with the combustion chamber, energy recovery and APC equipment.
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5.5 Operating Parameters
The main operating parameters on incineration plants are temperature, e.g. peak and 
distribution in the combustion chamber, residence time, fuel-oxygen mixing, heat 
transfer rate and emissions. They can be controlled by tuning excess air, fuel mixture, 
etc. which in turn mean more turbulence, better mixing, appropriate heat generation, 
and good combustion throughout the grate but are mainly fixed by design (The 
Environment Council, 2004; Roberto Vogel, 2007).
Emissions from incinerators are tightly legislated and can be influenced by the amount 
of excess air introduced in the furnace. If too much air is introduced, the temperature 
of the furnace may drop and the APC will be overloaded by higher flow rates. This 
parameter is controlled by the forced draught fan speed.
Residence time of the flue gases in the combustion chamber must be over two 
seconds and at a temperature above 850 °C, as defined in the waste incineration 
directive (2000/76/EC) (European Commission, 2000) in order to prevent formation of 
dioxins and/or other pollutants or to destroy them. This temperature needs to be 1,100 
°C if hazardous waste is used as fuel. Another limit imposed by the waste incineration 
directive (European Commission, 2000) is that the total carbon content of the ashes or 
slag should be under 3% of the dry weight of the material in order to ensure 
appropriate combustion conditions and proper energy recovery.
Another important operating parameter is heat transfer from flue gases to water in the 
boiler to raise steam. This heat exchange process should be optimised to produce as 
much steam as possible to be used to produce electricity and/or heat. The higher the
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steam pressure and temperature, the higher the efficiency of the system; however, 
existing materials properties restrict them. Quantity and velocities of particulate in 
suspension, gas condensation, etc affect boiler tube fouling. A barrier can grow 
between the hot gases and the water that deteriorates heat transmission and needs to 
be periodically cleaned either with the boiler on-line, e.g. soot blowers and rapping 
gears, or during shutdown and maintenance periods by manual methods (Roberto 
Vogel, 2007). Stephan Simon (2006) describes also the following effects of fouling: 
reduction of operating lifetime, loss of production, and increased repair cost although 
in the same paper an on-line, i.e. with the incinerator operating, cleaning system that 
uses water sprays is presented to minimise the adverse effects of fouling.
In order to estimate these parameters before a plant is built, simulation models using 
Computational Fluid Dynamics and theoretical combustion models are used to ensure 
the design is optimised and legislation compliant, but these stages are outside the 
scope of the EngD.
5.6 Inputs and Outputs
Composition and CV of the waste treated in incineration plants varies enormously 
from plant to plant and even thought the year, therefore, figures of the following two 
sections, and in the equivalent sections of the other technologies, are only 
approximate.
On average, waste volume is reduced by 90% and weight by 70% with the remaining 
mass being exhausted through the stack. Apart from the fuel, an amount of air, usually 
between 1.2 and 2.5 times the quantity required for a stoichiometric combustion, is 
blown inside the combustion chamber to guarantee proper oxidation (Institute for 
Prospective Technological Studies, 2005a).
Fuel needs to be characterised by its chemical, physical and thermal properties. The 
report “Thermal methods of municipal waste treatment” by Biffa (2003) contains 
information on this issue but great variability has to be expected due to different waste 
mixes.
Incineration plants can be designed for fuels with very restrictive specifications, e.g. 
refuse derived fuel (RDF), or for more open specifications, e.g. raw MSW within certain 
limits of moisture and CV. These options usually present trade-offs on efficiencies, 
capital and operational costs, fuel supply reliability, clean-up equipment, etc. (Institute 
for Prospective Technological Studies, 2005a). There is no single solution to fit all 
scenarios hence when selecting an incineration technology it is necessary to consider 
the quantity and quality of the inputs and outputs, the potential use of the latter and to 
allow for some variation of these factors.
Incineration flue gases, after fully oxidising the fuel, are mainly composed of: water 
vapour, nitrogen, carbon dioxide and oxygen. Depending on the combustion 
conditions and on the fuel composition, smaller quantities of carbon monoxide, 
halogenated compounds, nitrogen and sulphur oxides and minimum quantities of
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volatile organic compounds, dioxins and heavy metals can also be present (Institute 
for Prospective Technological Studies, 2005a).
Generally, plants are under slight negative pressure to prevent odour escaping from 
waste bunkers thereby minimising unpleasant emissions.
Waste water from an incineration plant can contain a wide range of contaminants 
requiring careful treatment and appropriate controls before discharge although liquid 
effluents are much smaller and less environmentally significant gaseous emissions.
Following the process described in section 5.3, chemical energy contained in the 
waste is transformed to thermal energy in the form of hot exhaust gases. These can 
be used to raise steam and/or hot water that could be used directly, e.g. in district 
heating networks or as process heat, or as an intermediate step to produce electricity 
by a turbine. A brief overview of the chemical reactions between different compounds 
present in the waste and the air can be found in general chemistry text books, but 
Biffa (2003) presents a good summary of them in the waste to energy context. Energy 
is extracted by passing them through a series of heat exchangers and boilers before 
they pass through clean-up equipment after which monitoring equipment continually 
checks pollutants levels. There is always a parasitic loss in the plant because some of 
the energy, either heat or electricity, required for its operation. Furthermore, during 
start-up and shutdown periods, and in some rare conditions e.g. to maintain 
temperatures in the combustion chamber with low CV fuels, extra energy can be 
required in the form of gas or diesel.
Other outputs of the process are bottom, e.g. slag that flows from the bottom of the 
combustion chamber, and fly, e.g. suspended matter in the hot flue gases that is 
captured by scrubbing, filter bags and/or electrostatic precipitators, ashes that mainly 
contain the inorganic part of the fuel, e.g. heavy metals, etc., and that need to be 
disposed. The carbon content of bottom ash is limited to 3% of the total mass by law 
(European Commission, 2000). Usually, some metals are recovered from the ashes 
before disposal or reuse (DEFRA, 2005b). The leachability, i.e. the possibility of being 
dissolved and carried away by any liquid in contact with the ash, needs to be 
minimised in order to prevent ground water contamination when the ash is either 
used, e.g. road or landscaping, or disposed to landfills.
Depending on the limits set by local regulations on leachability, contaminants levels, 
etc. bottom ashes can be reused after crushing as material for roads, landscaping, 
landfill covers, etc. If they can be sold as aggregates, the economics of the plant can 
be greatly improved. Moreover, these aggregates compete in the market with ashes 
from other power stations e.g. coal. This topic has much deeper implications that will 
be further explored in the future when analysing the economics of EfW plants although 
a brief overview of ash composition and current reuse practices was produced by 
Chan et. al. (2005) and is also briefly covered in the report on advanced thermal 
technologies by DEFRA (2005b). Similar examples are presented by the CIWM on a 
report on energy from waste where different trials of bottom ash utilization as daily 
landfill cover, brownfield remediation and road sub-base are described (CIWM, 2003).
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5.7 Benchmarks and mass/energy balances
It has already been mentioned that volume and weight of waste incinerated is typically 
reduced by 90% and 70% respectively. In order to complete the mass balance 
picture, air is introduced, in excess of stoichiometric requirements, and after oxidising 
the fuel exits the system through the stack. Other minor inputs and outputs are 
additives for clean-up equipment, e.g. scrubbers, and their effluents.
Figure 9 shows a detailed mass balance of an incinerator using refuse derived fuel:
Exhaust gases (7850 kg)
N 2 5600 kg
O ; 700 kg
CO 2  860 kg
Ar 70 kg
Air HCI 0.05 kg
5.5 mV kg {7172 kg) g o  g 0.2 kg
N 2 5600 kg NOx 1 kg
O j 1500 kg  ^ CO 0.2 kg
0 0  2  2kg ' ...... “ TOC 0.05 kg
Ar 70 kg HgO 620 kg
Incineration 
@ -1040 C
Organic waste -  - Solids (330 kg)
RDF Grate siftings 5 kg
1000 kg Bottom ash 300 kg
Boiler ash 5 kg
Boiler clinker 0.1 kg
Filter ash 20 kg
Particulates 0.01 kg
F ig u re  9 . D e ta ile d  m a s s  b a la n c e  o f an  In c in e ra tio n  p ro c e s s  (B iffa , 20 03 )
The Environment Agency’s Waste Technology Data Centre (Environment Agency, 
2006) and the “Thermal methods of municipal waste treatment” report from Biffa 
(2003) have published more mass and energy balances for some case studies.
Table 3, in page 174, shows different efficiencies of ATT and was extracted from 
Fichtner (2004). Consistently with those figures, DEFRA (2005b) states that the net 
energy efficiency of an incineration plant that uses a steam boiler and a turbine is in 
the range of 19 to 24%, slightly above the 10-20% mentioned for a 
gasification/pyrolysis plant using the same steam turbine generation. However, 
quantity and CV of the fuel, could not be traced back although, they are usually 
referred in the literature to the total thermal input to the process, i.e. the waste 
quantity multiplied by its low CV.
DEFRA (2004) quotes a figure 581 kWh electric yield per tonne of MSW treated and a 
slightly higher value for gasification and pyrolysis of 642 kWh. These values are very 
dependant on fuel composition and calorific value although these were not in the 
report thus should be considered only guidelines. Nonetheless, assuming an average 
value of 10 MJ/kg, equal to 2,777 kWh per tonne, efficienoies are around 21% for
EngD Dissertation Volume Page 186
incineration and 23% for gasification and pyrolysis. However, the report did not 
consider the energy used in the pre-treatment that is usually done to the 
pyrolysis/gasification fuel that would reduce the net efficiency of these processes to 
figures coherent with others presented here. If the pre-processing energy is taken into 
account, all three processes would have roughly a similar net energy output (Hession, 
2006). The CIWM quotes a figure of 500 kWh electric of energy per tonne of MSW 
which is consistent with the other figures presented here (CIWM, 2003).
According to SLR (2006), a typical mass burn incineration plant, for either raw residual 
MSW or RDF, has 25% gross electric efficiency but around 12% of it is for parasitic 
loads i.e. in-house consumption, leaving a net 22% efficiency value. Overall energy 
efficiency will be increased if heat would be used rather than dumped, as shown in 
Figure 10.
Flue gas heat loss 
(10%)
Waste
Nominal The ma I bDad 
(100%)
WfE facility
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Slightly higher gross efficiencies of 31 and 32% can be achieved with higher steam 
pressures and temperatures of up to 500 °C and 90 bar or by reheating the steam after 
one pass though the turbine. Nonetheless, these plants also have higher parasitic 
loads (Schafers, 2006)
Finally, the report “Thermal methods of municipal waste treatment” produced by Biffa 
(2003) presents a detailed breakdown of the efficiency of an incinerator into three 
parts. The first one is the thermodynamic efficiency of the boiler, which is dictated by
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hottest temperature, up to 1,200 °C, and the rejection temperature circa 20 °C. These 
two temperatures impose the theoretical maximum efficiency and it is limited to 
around 68%. The heat exchanger, i.e. boiler, efficiency reduces the efficiency to 
around 40% and finally, mechanical loses, electric efficiencies and in-plant energy 
use, further limit the efficiency of the whole system to around 25%.
5.8 Scale
According to Assurre (2001), the average unit capacity of incinerators in Europe is
177,000 tpa. Units vary in size from an average of 83,000 tpa in Norway to 488,000 
tpa in the Netherlands and the capacity of the plants is usually heavily utilised.
DTI (2004) quoted an electric capacity installed of incineration plants of 209 MW in 
2004 in the UK which is consistent with figures provided in 2002 by McLanaghan.
Table 1, in section 4.2, showed the capacities of different incinerator types (Institute 
for Prospective Technological Studies, 2005a) the largest being moving grate and 
rotary kiln the smallest. Some of these types can be arranged into parallel lines hence 
increasing the plant capacity and incorporating resiliency in the design.
The current lower limit of MSW incineration plants, usually based on economic criteria, 
appears to be somewhere around 65,000 tpa (Rand, Haukhol et al., 2000; Hession, 
2006; Tomberlin, 2006). Nevertheless, some smaller facilities are built specially in 
islands, e.g. the isles of Wight, Man, Shetlands. 65,000 tpa roughly equates to the 
residual waste produced by an equal number of households in the UK or to a 
population of 100,000 people. This limit seems to be related to economic factors and 
availability of clean-up equipment. This is seen as a very important barrier to integrate 
incineration within the built environment; hence, the true reasons and the possibilities 
to overcome it will be explored in the second half of the EngD.
For small-scale incineration, i.e. less than 80,000 tpa, land requirements could be 
around 30,000 m  ^ whereas a 50,000 m^  installation could treat around 250,000 tpa 
(O’Brien, 2002; Tomberlin, 2006).
Fichtner quotes a capital cost of an incineration plant in the UK treating 100,000 
tonnes of MSW per annum around 230m (Fichtner Consulting Engineers Ltd., 2004) 
with operational costs in the range of 220/tonne treated; nevertheless, these figures 
are only estimations. McLanaghan (2002) quotes an average capital cost of a 50,000 
tpa incinerator at around 216m, 228m for 100,000 tpa and for a 500,000 tpa plant the 
cost is around 2100m with operational cost range between 235 and 255 per tonne 
treated in all cases.
SLR (2006) reviewed different waste treatment technologies as a specialist waste 
consultant for a project with Buro Happold. Two of them, which comprised a material 
recovery facility and an incineration plant sized to deal with 275,000 tpa of MSW, were 
quoted between 295m and 2120m as capital costs with operational costs of 26.5m 
that equates to around 220 to 225 per tonne of MSW treated.
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5.9 SWOT
This SWOT analysis has been carried out taking into account environmental, technical 
and economic criteria and it was included in the twelve month report but it is repeated 
here with minimal modifications for completeness.
5.9.1 Strengths
• Incineration is a proven technology. In the document “Renewable supply chain 
gap analysis” (DTI, 2004), incineration is considered as a mature technology 
and classified as a technology with a stable design and partly as a bespoke 
product. Moreover, high availability (> 8,000 hours a year) makes it easily 
“bankable” (McLanaghan, 2002);
• MSW is already collected as part of local authority duties; hence the gate fee 
paid by local authorities for the disposal of the waste provides guaranteed 
revenue improving the economics of projects (DTI, 2004);
• Electricity generated by incineration facilities is non-intermittent (DTI, 2004); 
and
• Combustion reduces the volume of waste by approximately 90% and the 
remaining inert bottom ash residue can be used in road building or landfill 
construction, thus reducing the need to quarry new materials. (Rand, Haukhol 
et al., 2000; McLanaghan, 2002).
5.9.2 Weakness
• There is strong public opposition in the Anglo-Saxon countries, e.g. UK, USA 
and Australia, to incineration plants, which can lead to lengthy planning 
processes which in turn affects investor confidence (Crummack, 2002; DTI,
2004);
• Large scale plants have usually very high visual and local traffic impacts hence 
increasing public opposition (McLanaghan, 2002);
• Plant performance not meeting desired standards for certain fuels remains an 
issue (DTI, 2004);
• The thermodynamic efficiency of the cycle is limited by the maximum 
temperature of the steam of around 400 °C ;
• There are residues that need to be disposed to landfill, if no market is found for 
them, or even to controlled landfills if deemed hazardous;
• Heterogeneous fuel leads to unpredictable emissions hence expensive end-of- 
pipe cleaning solutions are required in incineration plants. Moreover, fuel pre­
treatment is desirable to prevent batteries or electronic scrap from going 
through the plant (Assurre, 2001 ; McLanaghan, 2002);
• They need a reliable supply of waste for a long period, up to 25 years, and with 
constant calorific value and composition (Rand, Haukhol et al., 2000; 
Crummack, 2002);
• Heavy investment in flue cleaning equipment is required because of the excess 
of air required for proper combustion and the composition of the MSW that 
includes sulphur, chlorine and heavy metals. This also makes the combustion
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chamber a very harsh environment and can create operational problems such 
as boiler tube fouling (McLanaghan, 2002; Environment Agency, 2006); and
• The capacity of a plant is not usually limited by mass throughput but by the
maximum heat transfer in the boiler; hence a change of the feedstock's CV
may reduce the plant’s weight throughput (Environment Agency, 2006; 
Hession, 2006).
5.9.3 Opportunities
• The Landfill Directive will encourage waste to be diverted from landfill to other 
disposal options, e.g. Landfill Allowance Trading Scheme, is a financial tool 
that will help to divert waste from landfill hence promoting the use of other 
technologies (DTI, 2004);
• EfW provides high long-term and skilled employment (Rand, Haukhol et al., 
2000; DTI, 2004);
• High energy prices and political instabilities mean low energy supply security.
Waste incinerators with energy recovery use local fuels and produce energy
reliably (Rand, Haukhol et al., 2000);
• The process offers a “one stop shop” for all wastes that need not to be pre­
treated before arriving the plant (Environment Agency, 2006);
• The waste policy suggests that incineration “could have an important part to 
play in future waste strategies” (DTI, 2004); and
• The 2006 Pre-Budget Report includes confirmation that the standard rate of 
landfill tax will increase by £3 per tonne to £24 per tonne with effect from 1
April 2007 and steeper increases in the tax from 2008 are being considered
(HM Treasury, 2006); this will make incineration more competitive.
5.9.4 Threats
• On-going public opposition may present significant barriers to wide scale 
development (DTI, 2004);
• Increases in waste recycling would reduce the amount of waste available as 
fuel for the plant and could be competing with other objectives like recycling 
targets, etc (DTI, 2004);
• If the scale of a plant is much bigger than strictly required, perhaps driven by 
economies of scale or other factors, there may be some competition for waste 
so that recycling in the plant’s catchments area will be discouraged by the 
waste companies that will require waste as fuel for their facility (McLanaghan, 
2002; DEFRA, 2005b; Dawber, 2006)
• Changes in waste composition could potentially reduce its CV, affecting the 
efficiency and the economics of the incineration plant;
• The environmental legislation may be more stringent in the future increasing 
construction and operational costs of incineration plants (McLanaghan, 2002; 
DTI, 2004);
• Uncertainty over the future market size could threaten investment decisions 
(DTI, 2004);
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• Availability of landfill as the main disposal route for waste in the UK and with 
the lowest cost will refrain companies from investing in incineration plants at 
least until costs are equal. This is expected in 3-4 years time with another 2-3 
years for planning and building the plant (Jones, 2006);
• Stakeholders, e.g. waste management companies, legislators, society, etc., do 
not have a common interest that drives them all together (Rand, Haukhol et al.,
2000);
• Power generated by incineration of the biogenic fraction of the MSW is not 
subject to ROCs (McLanaghan, 2002; DTI, 2006); and
• Give the current minimum size of incineration facilities, 65,000 tpa, some 
opportunities are missed in smaller communities. The proximity principle is 
stretched in centralised facilities (Acton and Hogg, 2001).
5.10 Case study
The South East London Combined Heat and Power (SELCHP) plant located in 
Deptford and well integrated within the built environment. It is capable of handling
420,000 tonnes of MSW per annum coming mainly from the London Boroughs of 
Lewisham, Greenwich and City of Westminster. It is a moving grate system and 
produces 35MW of electric power but, although designed with this feature, no thermal 
power is exported to a district heating network because the market for it has not yet 
materialised Steam is produced at 395 °C and 46 bar and around 250 kg of bottom 
ash and 30 kg. of fly ash are produced per tonne of MSW burn. The plant is 
constrained in just 1.9 hectares and complies with the more strict emission limits 
(SELCHP, 2006).
Other three UK case studies can be found in the Waste Technology Data Centre of the 
Environment Agency (Environment Agency, 2006). The Cyclerval plant in North East 
Lincolnshire is an interesting example of integration of EfW plants in the built 
environment because it “ is sited adjacent to a large energy user. They have two 
contracts, one is with the Local Authority to dispose of waste, and the other is with the 
neighbour to supply heat and power. Both are long-term contracts.” (Environment 
Agency, 2006).
Cyclerval (2007) was awarded a 25 year contract to manage all the MSW from North 
East Lincolnshire Council and an integrated waste management facility in which 
recycling, composting and incineration co-habit was created. The technology used in 
the incinerator is an oscillating kiln type with a proven background since it was 
devised 30 years ago in France. It has a capacity of 3MW electrical and another 3MW 
thermal in the form of pressurised hot water at 160 °C (Crummack, 2002).
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6 Gasification
6.1 Description
Similar to other advanced thermal treatment, gasification is not new. For example, the 
Fischer-Tropsch process gasifies coal and converts it to a wide range of hydrocarbon 
liquids, including diesel, but after the second world war, gasification declined as oil 
and gasoline became cheaper and more available. Lately, gasification has undergone 
major developments lately because of high energy prices although the fuel intended 
for the first units designed was primarily coal. Gasification of MSW and other wastes 
has only become important when the environmental impacts of poor energy and 
waste strategies became evident (Juniper Consultancy Services Ltd., 2000).
Gasification is not yet considered a fully commercially proven technology in the UK 
(McLanaghan, 2002) although there are some examples of successful plants running 
in Germany and Japan and the number of plants using these technologies is expected 
to grow (Sutcliffe, 2002). Some plants using this technology had to be abandoned 
because of various problems (Fichtner Consulting Engineers Ltd., 2004).
In the UK, Novera UK is building a gasification plant in west London that would gasify 
RDF from the nearby Eco-Deco MBT plant and the Compact Power facility in 
Avonmouth is a combined gasification and pyrolysis plant that has been operating 
successfully since 2001.
The consultancy URS describes the use of gasification throughout the world in recent 
times in very similar terms as the reports from McLanaghan (2002), Sutcliffe (2002), 
Fichtner (2004) and Juniper (2000).
“The use of gasification for MSW began in the 1980s, in the U.S., Europe and Japan. 
In these initial units, the use of unprocessed MSW resulted in many technical 
problems, primarily due to the heterogeneous nature of MSW. This caused handling 
and feeding problems, as well as issues with temperature and process control, ash 
removal, and overall cost. Many of these facilities were shut down. With the worldwide 
success in coal and petroleum coke gasification, regulatory requirements in Europe 
and Japan for increased diversion of MSW from landfills, and difficulties in sitting and 
permitting of conventional incineration, gasification become a major alternative 
treatment technology for MSW. Most of the development has occurred in Japan and 
Europe, at first utilizing MSW combined with other feedstocks, such as sewage sludge 
and industrial wastes. In order to feed the MSW by itself, development and use of pre­
processing technologies became critical.” (URS, 2005)
According to Juniper (2000) more than half of the gasification and pyrolysis systems 
being developed are in Europe although the USA and Japan are not far away and the 
market is growing fast. Gasification has evolved feedstocks like paper and pulp mill 
residues, WEEE, MSW, and sewage sludge, apart from the traditional biomasses and 
coal, can now be processed. Gasification can be seen as an important part of an
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integrated waste management strategy because thanks to the fuel pre-processing the 
recyclables and segregated organic fraction can be treated by other means (Foth & 
Van Dyke and Associates Inc., 2004).
In Japan, the capacity of newly order gasification plants exceeded incineration for the 
first time in 2000 and at least 32 plants have been built since them most of them of the 
fluidised bed and rotary kiln type. On the contrary, in the rest of the world, the market 
is stalled with no or minimum commercial interest in USA, Canada and Australia. In 
the UK, there seems to be slightly higher interest but there have been no deals closed 
(Whiting, 2006).
Gasification systems are usualiy built in combination with some type of pyrolysis 
and/or oxidation process, usually with the objective of maximising energy recovery 
e.g. Compact Power and Thermoselect.
As a conclusion, as mentioned in the introduction of section 4, gasification is still 
unproven or at least less tested than more conventional methods like incineration 
hence unreliable and difficult to obtain money to finance them although positive signs 
are perceived from the situation in countries like Germany and Japan.
6.2 Classification
Gasifiers can be classified, according to Swithenbank (2006), Yassin (2005), Dawber 
(2006) McLanaghan (2002) and Juniper (2000) in the following groups depending on 
three parameters i.e. reactor type, gas-solid mode of contact and operating mode:
Fixed bed downdraft. Gas and solid particles move concurrently. It is suitable 
for small scale applications.
Fixed bed updraft. Opposite to downdraft and used in large scale installations. 
High tar content on syngas.
Fixed bed cross-current: While solid particles move vertically gas does 
horizontally.
Slagging. Used in large scale plants that transform the ashes into a vitrified 
slag.
Fluidised bed. They are more complex to operate and they can be either 
bubbling or circulating although they are limited in size.
Cyclonic or vortex reactors: They are fluidised bed type with very high particle 
speed to increase abrasion and high reaction rates.
Moving bed: Mechanic rather than hydraulic transport of solids. Usually 
operated at lower temperatures.
Batch. It is not suitable for heat recovery due to its cyclic operation mode.
Bridgwater (2003) has described most of the types of pyrolysis and gasification units, 
although with the focus on biomass treatment, their advantages and disadvantages as 
well as a qualitative analysis of market attractiveness and technology strengths. A 
survey of biomass gasifier manufacturers cited by Bridgwater found that 75% of the 
commercially available gasifiers were downdraft, 20% were fluidised beds (including
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circulating fluid beds), 2.5% were updraft and 2.5% were other types. A similar study 
to Bridgwater’s was done by AEA Technology (2001) classifying gasification system 
into four generic categories and listing some manufacturers for each of the categories.
Figure 11 sketches an updraft and a downdraft gasifier. Fluidised bed reactors are 
very similar to the designs show in section 5.
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Large-scale gasifiers, i.e. above 25-50 MW of electric output, typically are of the 
circulating fluidised bed type meanwhile for small-scale applications, up to 0.5 MWe, 
downdraft gasifiers are mainly used. Bubbling fluidised bed gasifiers can be 
competitive in medium-scale applications (Yassin, Lettieri et al., 2005)
6.3 Process
Gasification takes place when a limited amount of air enters in the combustion 
chamber allowing only for partial combustion but insufficient for the feedstock to be 
fully oxidised. This is equivalent to a supply air to stoichiometric air ratio below one. 
Gasification is carried out at elevated temperatures of about 500-1400°C and 
pressures up to 33 bar (McLanaghan, 2002; Biffa, 2003; Yassin, Lettieri et al., 2005)
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with the objective of converting the majority of the carbon in the fuel into a gaseous 
mix, known as synthetic gas or syngas, and an inert residue. Most of the energy 
extracted from the fuel is carried as chemical energy in the syngas that can be used 
as chemical feedstock or transformed into heat and power by conventional oxidation 
in internal combustion engines (ICE) or gas turbines (Juniper Consultancy Services 
Ltd., 2000).
Certain chemical reactions take place on solids and liquids feedstocks containing 
carbon at high temperature with low levels of oxygen and/or water transforming them 
into a mix of methane, hydrogen and carbon monoxide known as syngas. These 
reactions are mostly endothermie, but in the presence of oxygen, these species react 
with it releasing heat and making the whole process exothermic. By controlling the 
amount of oxygen present, not all the chemical species are fully oxidised hence, part 
of the energy of the feedstock is transformed into chemical energy in the syngas 
components. The syngas can be directly used or cleaned from impurities, e.g. 
entrapped tars, and solids, and stored for future used as fuel in turbines or ICEs.
Either air or pure oxygen can be used in the gasification process; the latter enhances 
the thermal and chemical properties of the syngas because of the absence of nitrogen 
with the drawback of requiring pure oxygen supply and the energy consumption 
associated to it (Juniper Consultancy Services Ltd., 2000).
The physical appearance of a moving grate or fluidised bed gasifier does not greatly 
differ from an incineration combustion chamber (cf. Figure 5 and Figure 7). Fixed bed 
designs depending on the fuel and syngas flow mode differ slightly. In the counter 
current type, shown in Figure 11, the biomass is fed through a ram or a screw 
conveyor to the chamber where the gasification takes place. A limited amount of air is 
blown from the bottom of the chamber progressing upwards through the fuel. The 
syngas is released and heat is generated in the bed. The reaction is self-sustained and 
only during start-up external fuel, e.g. gas, is required. Metals can be extracted from 
the ashes that fall to the bottom of the reactor through a grid where they are collected 
before being quenched. Meanwhile, the syngas flows upward where it can be oxidised 
to extract all its energy or cleaned if it is going to be stored.
Clean-up equipment is very similar to that used in incineration plants but of a smaller 
size thanks to the lower air flow through the system.
A simple box diagram extracted from AEA Technology's report (2001) showing 
gasification inputs and outputs is pictured in Figure 12. That report also includes a 
more detailed description of some of the different gasification processes.
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6.4 Scheme
The following figure presents the schematic of the SilvaGas gasification process. It 
has separated chambers for drying the feedstock, gasifiying it and combusting it with 
intermediate cyclones for cleaning. Another design has already been depicted in 
Figure 11 but it did not show the clean-up equipment.
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6.5 Operating Parameters
The Juniper report (2000) identifies the following relevant operating parameters of the 
gasification process that can be grouped under two categories:
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• Physical: particle size.
• Thermo-chemical: pressure, temperature, oxidising gas, and moisture content.
Physical properties influence the way the fuel is gasified. Smailer particie sizes gasify 
better and their interior is not pyrolysed to a solid char due to the absence of oxygen.
The second group of operating parameters infiuence mainiy the chemicai reactions 
hence the contents of the syngas.
The following diagram adapted from the Juniper report on gasification and pyrolysis 
(2000) shows the infiuence that temperature has over certain gasification parameters:
t Syngas CV 1
t Tar content 1
1 Char conversion t
 ^ risk Sintering t  risk
700 °C Temperature 1 0 0 0  °c
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Sintering is the process of melting the ash although when it happens in undesired 
location it can cause blockages. There are trade-offs in choosing high or low 
temperatures. High syngas CV mean high energy yields but tar content increases and 
char conversion is lower meaning that the process is not very efficient on extracting 
energy from the fuel and part of the energy remains in the ashes and tars that need to 
be disposed and/or cieaned. The higher the temperature the more iikeiy of ash 
sintering and melting causing biockages.
When pure oxygen is used as oxidiser the calorific value of the syngas is greatly 
increased at the expense of producing the oxygen, on the other hand, if air is used, 
high quantities of inert Ng wiil pass through the system being heated and requiring 
larger clean-up equipments therefore reducing process efficiency and invoiving higher 
costs.
With regards to moisture content, the lower the moisture, the iess the energy required 
to evaporate the water content and the higher the fuei CV hence the more efficient the 
process.
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6.6 Inputs and Outputs
The two main inputs are the feedstock and the oxidiser and the main outputs are the 
syngas and the ashes. Various types of feedstock can be gasified e.g. biomass, 
wastes from different sources, coal, etc. The first two are of interest for the EngD as 
they can be used in EfW plants. Biomass can be in the form of agricultural wastes 
whereas other gasifiable wastes can be MSW as well as commercial and industrial 
wastes.
Gasification usually generates a gas composed mainly of carbon monoxide (GO), 
hydrogen (Hg), methane ( C H 4 ) ,  carbon dioxide ( C O 2 ) ,  nitrogen (Ng) and water vapour 
(HgO) as main components with traces of other more complex hydrocarbons (Biffa,
2003). Contrary to incineration, the main energy output of the process is not in the 
form of thermal energy, i.e. hot gases, but in the bonds of the chemical species in the 
syngas. The benefit of this is that the energy can be transported or stored whereas 
with the thermal energy is more difficult and needs to be used instantaneously on site 
or nearby.
Typical GV of syngas from gasification using oxygen is 10 to 15 MJ/Nm^ whereas 
using air is 4 to 10 MJ/Nm^. For comparison, natural gas GV is about 38 MJ/Nm^ (AEA 
Technology, 2001; Biffa, 2003; GIWM, 2003; Fichtner Consulting Engineers Ltd.,
2004).
Due to the chemical composition of the syngas, internal combustion engines require 
some minor modification when used as electric generators because methane and 
hydrogen have higher flame speeds and the air/syngas mix detonates earlier than 
usual fuels thus lower compression ratios and more powerful spark plugs are required. 
When using IGEs, higher emissions can also be expected because of the required 
overlapping in the inlet and outlet valves cycles and the corresponding extra duty for 
the catalytic converter (AEA Technology, 2001).
It is possible that traces of tars and particulate matter to be present in the syngas 
flow, specially in certain types of reactors, e.g. updraft; these usually need to be 
cleaned before use (GIWM, 2003). If the pyrolysis outputs are oxidised to extract their 
energy, the plant should comply with the waste incineration directive (European 
Gommission, 2000). Glean up systems for gasification are smaller than for incineration 
hence cheaper but apart from that they do not differ much from them. They do not 
need to be sized for high flows as the amount of air introduced is much less because 
of the lower air requirements.
Ash and other solid residues production is less than for incinerator because of the use 
of RDF rather than raw fuel. Nevertheless, metals in the ash can be potentially 
recycled and for some process, the remaining ash is vitrified by extremely high 
temperatures to minimise potential leaching and rendering the residue inert. This 
controlled sintering is energy intensive and usually reduces the amount of net energy 
output (Juniper Gonsultancy Services Ltd., 2000).
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Liquids are rarely produced in gasification but if so, high organic contents can be 
expected therefore it is usually used as fuel for the process.
The syngas produced either by gasification or pyrolysis can be used as (Fichtner 
Consulting Engineers Ltd., 2004):
• direct fuel in gas turbines with downstream cleaning;
• fuel in gas turbines or ICE after being cleaned and cooled;
• Use for co-combustion with other fossil fuels and
• chemical feedstock in the production of transport fuels or other chemical 
products.
6.7 Benchmarks and mass/energy balances
As mentioned in the other advanced thermal treatments, extra care should be paid 
when comparing benchmarks from different technologies as these are dependant on 
the GV and preparation of the fuel. Figures quoted here are net, i.e. total energy export 
from the plant, therefore thermal efficiencies of the cycles used and of electricity 
generation equipment are already included.
GIWM (2003) quotes energy outputs for gasification/pyrolysis plants between 300 and
750 kWh of electricity per tonne of sorted or unsorted feedstock although it also
mentions that in order to ratify these figures these technologies need some more 
years of continuous operation.
SLR quotes 600 kWh of electricity per tonne of MSW with an energy content of 10 
MJ/kg for a generic gasification plant. A gate fee between £75 and £105 per tonne of 
MSW is also quoted (SLR Gonsulting Ltd., 2006).
Novera UK claims an efficiency of more than 30% for their gasification processes 
although the process produces more than 20% of char by weight (SLR Gonsulting 
Ltd., 2006).
Table 3 in page 169 compiled by Fichtner (2004), presents some energy efficiencies 
for various ATT technologies. Additionally, the Environment Agency's Waste 
Technology Data Gentre (Environment Agency, 2006) and the “Thermal methods of 
municipal waste treatment” report from Biffa (2003) have published more mass and 
energy balances for some case studies.
6.8 Scale
In general, gasification units are smaller in size and capacity than incineration 
according to Bridgewater (2003).
Regarding gasification, for large-scale applications, i.e. above 25-50 MW of electric 
output, circulating fluidised bed gasifiers are preferred. Meanwhile for the small-scale 
applications, up to 500 kWe, downdraft gasifiers are mainly used. Bubbling fluidised
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bed gasifiers can be competitive in medium-scale applications. (Yassin, Lettieri et al.,
2005). On systems with less than 250 kW of electric output, ICEs are used as prime 
movers with turbines more suited for higher capacities (AEA Technology, 2001).
In the UK the main interest in gasification and pyrolysis plants is currently towards 
small scale, e.g. 30,000 to 40,000tpa, for use as local solutions or in isolated 
communities like islands (McLanaghan, 2002) although some large regional facilities 
with a capacity between 150,000 to 500,000 tpa are in operation in other parts of the 
world (Juniper Consultancy Services Ltd., 2003).
The land take of the Thermoselect gasification plants is 17,000 m^  for an 80,000 tpa 
facility in one line or 51,000 m  ^for a facility that treats 480,000 tpa in four parallel lines 
(Environment Agency, 2006).
According to O’Brien (2002), modular gasification units have capacities between 7,000 
and 50,000 tpa with a footprint of 4,500 to 7,500 m^  for treating less than 80,000 tpa, 
on the other hand, a 100,000 tpa facility may require around 15,000 m .^ The stack of 
these plants will measure 30 to 35 m high although this is dependant of local 
regulations.
The footprint quoted by Novera UK for a gasification plant treating around 250,000 to
300,000 tpa is between 1 and 1.5 hectares (SLR Consulting Ltd., 2006).
A small gasification or pyrolysis plant treating 60,000 tpa would occupy 3,450 m^  as 
estimated by ICE (2005), with information from Mitsui Babcock, whereas a medium 
plant with a capacity of 100,000 would require 3,800 m  ^with 4,350 m  ^ required for a 
plant with a throughput of 150,000 tpa.
In a report commissioned by DEFRA on the impact of changing the waste strategy 
(DEFRA, 2006b), costs for gasification and pyrolysis plants were quoted. For example, 
for a 30,000 tpa facility operational costs of around £21 m can be expected, around 
£39m for 100,000 tpa plant and finally for a 150,000 tpa facility, the costs were 
estimated at around £54.6m. An economic analysis shows that these facilities can be 
competitive if operated at gate fees of £127, £81 and £70 respectively. McLanaghan 
(2002) quotes cheaper costs, with £8m for a 30,000 tpa facility and £93m for a very 
large plant of 360,000 tpa. McLanaghan presents operational costs for gasification 
and pyrolysis plants with reserves because of the pre-treatment required and lack of 
reliable sources, however average operational costs between £38 and £53 are quoted.
The total capital cost (including buildings and civil works) as reflected in the Fichtner 
report (2004) for a 100,000 tonnes/year gasification and pyrolysis plant ranged 
between £23.5M and £30M. Operational costs have been quoted at around £20/tonne 
although both, capital and operational costs are very uncertain given the disparity of 
answers and technical aspects considered by the technology suppliers contacted by 
Fichtner. These costs are extremely low when compared with the rest of the 
references mentioned on this section therefore should be used carefully.
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The Juniper report (2000) advises that the costs it contains for gasification and 
pyrolysis plants are very difficult to compare because they are not normalised, 
nevertheless, and despite a large variability, figures between $200 and $600 per tonne 
per annum of installed capacity cover the vast majority of the technologies 
investigated in the report. Similarly, for the treatment costs, a band between $40 and 
$80 covers most of the plants in the report. The results presented show that smaller 
facilities have higher capital and operational costs.
AEA Technologies (2001) presents their capital and operational costs together with 
their gate fees estimations in graphical format with curves showing best fits to actual 
data. Most of the examples are small to medium scale, i.e. capacities less than
100.000 tpa, hence estimations will be more accurate for that range. Capital costs for 
a 25,000 tpa facility are around £20m whereas for a 100,000 tpa plant are slightly 
above the £40m band. Regarding operational costs and gate fees, £160 per tonne are 
estimated for a 25,000 tpa facility and a much lower figure of £65 can be expected in 
a 100,000 tpa plant. These figures are always above those for similar scale 
incineration plants according to this report.
Finally, Associates in Industrial Ecology (2003) prepared a report reviewing different 
waste treatment technologies for the Kingston upon Hull City Council and East Riding 
of Yorkshire Council which contains various case studies with costs and footprints for 
some advanced thermal processes, in the USA, Foth & Van Dyke and Associates Inc. 
(2004) compiled some costs of gasification and pyrolysis plants although detailed 
were not considered fully reliable give the caveats introduced by manufacturers.
6.9 SWOT
The following SWOT analysis of gasification systems has been carried out taking into 
account environmental, technical and economic criteria. It is based on the combined 
gasification/pyrolysis analysis included in the twelve months reports.
Some of the statements are relative, i.e. comparison of gasification with incineration, 
rather than absolute, but they are still relevant as both technologies are mutually 
exclusive.
6.9.1 Strengths
• Better public perception than incineration (Foth & Van Dyke and Associates 
Inc., 2004; SLR Consulting Ltd., 2006);
• The thermodynamic efficiency of a cycle fuelled with syngas, that can reach 
1,200°G, is much higher than a Rankine cycle of steam that can only reach 
400°C therefore increasing the whole process efficiency (ICE, Forward 
Scotland et al., 2005; Swithenbank, 2006);
• Recycling can be enhanced by up-front separation which is common practice 
in preparing the fuel for gasification (Foth & Van Dyke and Associates Inc.,
2004);
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• Plant size and clean-up equipment is smaller and stack is shorter than in 
incineration plants because of the reduced amount of oxidiser used (Marel, 
2001; CIWM, 2003); and
• Separated chambers for gasification and oxidation allow for optimised syngas 
production, more efficient energy production and cleaner emissions (Foth & 
Van Dyke and Associates Inc., 2004).
6.9.2 Weakness
• Requires MSW pre-treatment to remove non-organic waste and homogenize 
the feedstock (Gibbs, 2005);
• Residual materials, specially from ARC equipment, could be hazardous and 
more heavy metals than in incineration are found on the solid residues (AEA 
Technology, 2001; O'Brien, 2002; Foth & Van Dyke and Associates Inc., 2004);
• Un proven on a commercial scale and for limited time and has low bankability 
(McLanaghan, 2002; DTI, 2004; Foth & Van Dyke and Associates Inc., 2004; 
Environment Agency, 2006); and
• Relatively expensive compared to other fossil-fuel-based energy and thus face 
economic and other non-technical barriers when trying to penetrate the energy 
market. (ICE, Forward Scotland et al., 2005; Yassin, Lettieri et al., 2005).
6.9.3 Opportunities
• Syngas can be used as chemical feedstock as well as stored and transported 
for use elsewhere (Fichtner Consulting Engineers Ltd., 2004);
• Syngas can be used as fuel replacement in power plants or industrial
installations and does not require cleaning nor cooling if used on-site (Fichtner
Consulting Engineers Ltd., 2004);
• The potential for using syngas as fuel in higher temperatures cycles, e.g. ICEs
and gas rather than steam turbines, with the associated higher efficiencies
(CIWM, 2003);
• Gasification is qualified for ROCs hence electricity produced can be sold at a 
premium and it is renewable energy (DTI, 2006);
• Gasification plants are working in countries like Japan and China with
technology licenses from companies that went broke in Europe because of
economic problems therefore the technology is not the problem (Whiting, 
2006);
• Gasification systems can gain a reputation in the EfW market by proving their 
reliability using biomass (Yassin, Lettieri et al., 2005);
• Syngas production can be optimised for hydrogen production with the
potential use in fuel cells (Environment Agency, 2006); and
• Smaller footprints and lower stacks than incineration plants offer flexibility of 
scale and localised used in accordance to proximity principle (McLanaghan, 
2002; Yassin, Lettieri et al., 2005; Environment Agency, 2006).
EngD Dissertation______________________________ Volume III_________________________ Page 202
6.9.4 Threats
• It is usually mistaken as incineration because of the syngas oxidising phase 
and therefore suffers similar negative associations (Environment Agency, 
2006); and
• It tries to penetrate a well-established incineration market (ICE, Forward 
Scotland et al., 2005).
6.10 Case study
The Thermoselect plant in Karlsruhe, Germany, (Thermoselect, 2003) consisted of 
three thermal lines of gasification followed by “quench shock cooling” that cools the 
syngas processing untreated waste with an annual throughput capacity of 225,000 
tonnes and a calorific design value of 12 MJ/kg. It began operation in 1999 but closed 
at the end of 2004 because of economics reasons. Nevertheless, the same license is 
being used in Japan with good results hence the technology was not the problem but 
the economic environment.
The situation of two small-scale gasification units in Norway were presented in the 
CIWM 2006 paper by Dawber (2006) from Energos, part of the Ener-G group since 
2004. This company has one gasification plant operating in Germany since 2001 and 
seven in Norway, the oldest commissioned in 1997. They are not simple gasification 
units because they have two chambers, one where the heterogeneous MSW is 
partially oxidised extracting some of the hydrocarbons it contains in the form of a 
syngas, and a second chamber where this syngas, with a much more homogeneous 
characteristic, is burnt in a more controlled environment.
The waste is fed in these plants through a tight chute to prevent uncontrolled air to 
enter the chamber, then, an articulated water-cooled grate mixes and conveys the 
waste through the partial oxidation chamber. The waste is gasified under sub- 
stoichiometric conditions releasing the syngas with an energy content of 4 to 5 MJ/m^. 
The bottom ash is quenched and less than 1 % of the original carbon remains in the 
bottom ash. The syngas, containing methane, hydrogen and carbon monoxide mainly, 
is blown into a secondary combustion chamber where it is ignited to complete the 
oxidation. Heat is recovered by raising steam in a boiler and the flue gases are 
cleaned with the help of dry lime and activated carbon and bag filters. The emissions 
of these plants are consistently well below the more strict limits even with smaller 
clean-up equipment than similar plants thanks to a proper and optimised design in the 
second combustion chamber that minimises the formation of NOy and GO. It is 
recognised that there are corrosion problems caused by the condensation of gases 
from the flue and whilst they are being addressed by improved design, actual 
problems are dealt by proactive measures and appropriate maintenance schedules 
(Dawber, 2006).
Current Gasification developers in UK include Brightstar Environmental, I ET Energy 
and Novera UK is commissioning a plant to treat MSW in London using gasification 
technology (McLanaghan, 2002; SLR Consulting Ltd., 2006). Other case studies for
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gasification can be found in the Biffa report (2003) and in the Waste Technology Data 
Centre of the Environment Agency (2006).
7 P y r o l y s i s ______________________________
7.1 Description
Pyrolysis is the thermal transformation of a feedstock in absence of an oxidising agent 
(CIWM, 2003). Pyrolysis cannot be considered a new technology or process as it has 
been used for centuries to produce charcoal from wood in oxygen starved conditions; 
however, its application to waste is much more recent. Similarly to gasification, 
pyrolysis cannot be yet considered commercially a fully proven technology although 
there are some examples of successful plants running in Germany and Japan and it is 
expected a growth in the number of plants using these technologies (Juniper 
Consultancy Services Ltd., 2000; Sutcliffe, 2002). Nonetheless, other reports reflect 
that other plants have presented serious problems during operation or commissioning 
and ought to be abandoned (Fichtner Consulting Engineers Ltd., 2004).
Pyrolysis usually treats homogeneous fuel and is the advanced thermal treatment 
chosen when there is a need of producing a liquid feedstock for a chemical process. 
When operated to recover energy from waste, it is commonly coupled with a 
gasification and/or an oxidiser section that allows extracting the energy of the 
solid/liquid/gaseous outputs on-site.
A waste treatment plant using only pyrolysis is a very rare waste treatment technology 
in the UK although in can be found in combination with gasification and/or oxidation 
like in the Compact Power plant in Avonmouth. In the rest of the world, very few 
manufacturers have commercially viable pyrolysis plants. One of them is the 
Wastegen (2006) plant in Burgau, Germany, the Conrad and ESI are two pure pyrolysis 
processes using tyres and sewage sludge respectively. Mitsui produces a combined 
gasification and pyrolysis plant capable of treating MSW as well as Thermoselect and 
they are well established in Japan (Juniper Consultancy Services Ltd., 2000).
Most of the aspects about novelty, expected growth, reliability, etc. described in the 
gasification section, are applicable in full to pyrolysis hence no further explanation of 
them is included here.
The consultancy URS has summarised in a report for the Department of Public Works 
on the Los Angeles county the essence of the pyrolysis process and many of its 
requirements and relevant associated issues in the following paragraph:
“Municipal Solid Waste (MSW) is too heterogeneous for pyrolysis and other thermal 
conversion technologies and, therefore requires pre-processing in most cases. Since 
inorganic materials such as grit, glass, and metals, do not enter into the thermal 
conversion reactions, energy, which could be used to produce pyrolysis reactions, is
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expended in heating the inorganic materials to the pyrolysis reactor temperature. Then 
the inorganic materials are cooled in clean-up processes, and the heat is lost. Much of 
the pre-processing is required to remove inorganic materials and to enhance the 
homogeneity of the feedstock. Depending on the specific pyrolysis process, pre­
processing may include sorting, separation, size reduction, densification, etc." (URS,
2005)
7.2 Classification
There are different system designs depending on their purpose but from an EfW 
perspective, the most important factor is to extract and recover energy. Therefore, 
systems with low residence times and maximal syngas production, which is burnt to 
recover energy, are the preferred option.
Various types of reactors have been created depending on heat transfer modes and 
rates, temperatures, feedstocks, etc. Generically, pyrolysis systems can be classified 
as (Juniper Gonsultancy Services Ltd., 2000; Fichtner Consulting Engineers Ltd., 
2004; Yassin, Lettieri et al., 2005):
Bubbling, circulating and transported beds.
Ablative pyrolysis.
Vortex and cyclonic.
Fixed and horizontal moving bed.
Entrained flow.
Rotating kiln.
Vacuum pyrolysis and 
Heated tube pyrolysers.
AEA Technology (2001) has listed various manufacturers for some of the types of 
pyrolysis systems mentioned above.
Depending on the heating transfer mode, processes can be direct or indirect 
depending if the feedstock is heated directly or through an intermediate media. With 
regards to heating methods, surface heating, hot gases, partial gasification, a hot 
sand bed, etc. can be found in the different types mentioned above
Regarding heating rate and temperature, pyrolysis systems can be classified, 
according to the Juniper report (2000), as:
• Carbonisation: very low heating rates, low temperatures (300 °C to 500 °C) and 
long periods e.g. up to days transform the feedstock into solid charcoal.
• Pressure carbonisation: Higher pressures and heating rates are used for 
shorter periods than carbonisation but with similar outputs.
• Conventional pyrolysis: At temperatures between 400 “C and 600 °C, a mix of 
char, liquids and syngas is produced with low heat transfer rates for up to 
some hours whereas for higher temperatures of up to 900 °C, mostly char and 
syngas are produced.
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• Vacuum pyrolysis: With temperatures in the range of 350 °C to 450 °C and 
medium heating rates, the feedstock is mainly transformed into a liquid output 
in less than a minute.
• Flash pyrolysis: residence times are in the range of seconds or less with very 
high heat transfer rates. In this mode, the higher the temperature, between 400 
°C and 3,000 °C, the higher the proportion of syngas in the output.
Finally, Bridgwater (2003) has described many types of pyrolysis units with their 
advantages and disadvantages as well as provided a qualitative analysis of market 
attractiveness of them.
7.3 Process
Pyrolysis is usually carried out at temperatures between 400 °C and 700 °C or even 
higher, sometimes in vacuum conditions and in the complete absence of oxygen. It is 
an endothermie process thus energy must be supplied to maintain the reaction usually 
in the form of hot gases or through the reactor walls (Juniper Consultancy Services 
Ltd., 2000; McLanaghan, 2002; Biffa, 2003; Yassin, Lettieri et al., 2005).
The pyrolysis process itself is relative simple as it proceeds by applying heat to a 
feedstock in the absence of air. This can be achieved by introducing waste in 
externally heated tubes, between hot plates, etc. in a sealed environment therefore a 
sealed supply feed is required to ensure air tightness. Heat is applied at different rates 
until the desired temperature is achieved depending on the system design. Feedstock 
is first dried as its moisture is evaporated and its carbonaceous fraction is volatilised 
and then decomposed into a mix of solid, liquid and gas whose proportions are 
influenced by temperature, pressure and heat transfer rates. Solid and liquid fractions 
are usually extracted from the bottom of the reactor whereas the syngas flows 
upwards usually with some solid and liquid particles suspended. Depending on the 
design, the gas is used on-site or cleaned by cyclones and/or scrubbers and stored or 
transported to be used elsewhere. The liquid and solid fractions, unless the process is 
specifically designed to produce them as chemical feedstock of as a final product, are 
typically used as fuels in an adjacent oxidising chamber to maximise energy 
extraction.
Similarly to gasification, pyrolysis syngas can be used as fuel in ICEs or gas turbines 
where the chemical energy is converted into thermal energy to produce heat and 
power in conventional steam or gas turbines. Usually ICEs are used up to 5MW 
electric capacities and turbines for larger outputs although there is some overlapping 
in the 250 kW to 5 MW range.
Reduced exhaust air flows mean smaller clean-up equipment and shorter stack than 
for incineration. Depending on the plant arrangement, syngas can be cleaned before 
or after being fully oxidised. If cleaned before, extra equipment is required but the 
specifications of the combustion chamber will be less stringent owing to the cleaner 
environment, e.g. less corrosion, abrasion and fouling, less maintenance will be 
required and higher efficiencies can be achieved thanks to higher pressure and
EngD Dissertation Volume Page 206
temperatures (AEA Technology, 2001). Therefore, clean-up equipment should be 
adapted and installed according to expected emissions, which in turn depend on 
feedstock and type of process used.
A simple process schematic of the pyrolysis process including input and outputs as 
presented by AEA Technology (2001), is shown in Figure 15.
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7.4 Scheme
Figure 16 is an illustration of the Compact Power process; in the left hand side, the 
pyrolysis process can be seen where the tubes are externally heated by a fraction of 
the heat from the thermal reactor while the feedstock is forced towards the 
gasification unit.
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7.5 Operating Parameters
The operating parameters in a pyrolysis process are: time, temperature, pressure, 
heating rate, particle size and the absence of air. The process should occur in a 
complete absence of oxygen otherwise the products will oxidise reducing their CV. 
Controlling air is crucial for the process hence air tight inlets and seals are required.
The combination of time and temperature as well as the heat transfer rate, determines 
the final mix of products and their state: solid, liquid and gas. The different types of 
pyrolysis explained in section 7.2 reflect the influence of these factors as well as the 
type of feedstock to treat and the desired output. In general, higher temperatures in 
the pyrolysis process increase the syngas and tar fractions and decrease the char 
production with minimal influence in the final ash residue as presented in the report 
“Thermal methods of municipal waste treatment” (Biffa, 2003) and in the work by Li et. 
al. (Li, Li et al., 1999)
Ono et. al. have studied the influence of some other parameters in the pyrolysis 
outputs (Ono, Kurita et al., 2001) and found very minimal effects of pressure on 
product output composition. On the particle size influence, Ono has reported that 
larger particles take longer to pyrolyse leaving larger amounts of solid residues from 
fast processes. Ono presented consistent findings with Li on the effects of 
temperature and heating rate with increased gaseous presence with higher 
temperatures and heating rates.
AEA Technology (2001) remarks the effect that homogeneous small particle sizes and 
even application of heat are key in pyrolysis and in its appendix D results from various 
sources on the proportion of solid/liquid/gaseous output from pyrolysis of different 
feedstocks are summarised.
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Finally, the effect of moisture content of the fuel is similar to gasification i.e. the higher 
the moisture, the more energy to evaporate the water and the more inefficient the 
process.
7.6 Inputs and Outputs
Several types of feedstocks can be pyrolysed (Li, Li et al., 1999; Biffa, 2003; CIWM, 
2003); for the purposes of this research, biomass, and waste from commerce and 
industry as well as MSW are considered. Biomass can be in the form of green wastes 
as well as energy crops. Wastes can be In any form and source although some sort of 
pre-processing to reduced moisture and particle size improves the process efficiency, 
hence, RDF is specially appropriated as pyrolysis fuel.
Pyrolysis is an endothermie process thus it needs more heat than it releases. Most 
pyrolysis processes operate in combination with a gasification and/or oxidation unit 
from which hot gases can be used as a heat source, but it can also come from electric 
heaters.
Pyrolysis’ outputs are a hydrocarbon rich-gas mixture, an oil-like liquid, and a carbon- 
rich solid residue their proportion depending on the heating rate, residence time and 
temperature, as well as on the composition of the fuel. In a generic approximation, it 
can be said that with fast pyrolysis, the yield of liquid and gas phase is higher and few 
solid residues whereas a slow pyrolysis process will have a higher solids content like 
char.
Char can be considered a residual waste needing disposal, an intermediate or a final 
product. As an intermediate product, it can be gasified or burn to fully extract it 
energy, or as a product it can be sold as fuel, e.g. charcoal, or recycled. As a final 
product Juniper (2000) has analysed the different advantages or disadvantages that 
each char handling option has. Potential uses of the solid residues from pyrolysis are 
presented in the same report.
Similar to char, tar can be produced during the pyrolysis, either on purpose or 
inadvertently; however, handling and/or disposing tar is usually not an option given its 
liquid nature. Tar can be removed and treated, cracked, combusted or ignored with 
the different handling options analysed in the Juniper report (2000). If the syngas is not 
cleaned but burnt together with the tar, there is a need of more end-of-pipe clean up 
and because of the extra air required for the proper combustion of the tar. If tar is 
cleaned before the combustion, clean-up equipment will be sized for lower flows. The 
latter is required is gas it to be stored or exported.
One of the process outputs is energy, mainly stored in the chemical bonds of the 
hydrocarbon and other compounds present in the solid, liquid and gaseous outputs of 
the process that can be used as fuel in other systems. The syngas produced from 
pyrolysis is composed mainiy of methane although much heavier hydrocarbons can 
also be found. Hydrogen and carbon monoxide are not uncommon in the pyroiysis 
syngas aithough their proportions depend on process time and temperature (CIWM,
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2003). Fichtner mentions a syngas CV range of 10 to 20 MJ/Nm^ (Fichtner Consuiting 
Engineers Ltd., 2004) which overiaps the CIWM estimation of 11 MJ/Nm^ (CIWM,
2003) and AEA Technology’s (2001) figures of 15 to 20 MJ/Nm^. In a pyrolysis process 
with a high proportion of solids in the outputs, a lower CV of the syngas can be 
expected because carbon will have not been transformed into methane or carbon 
monoxide and it would rather stay as fixed carbon in the char (AEA Technoiogy, 2001; 
CIWM, 2003). Pyrolysis syngas has higher energy content than from gasification 
because of the absence of inert Ng.
Pyrolysis, liquid fraction has a CV is in the range 15 to 20 MJ/kg (wet). It contains 
around 25% of acetic and other organic acids and more than 40% of other complex 
hydrocarbons (AEA Technology, 2001). The liquid is also highly corrosive because of 
its iow pH due to its ash and potential alkali metal content and has a similar health 
hazard as crude oil. If the liquid is intended to be used as chemicai feedstock, it is 
usuaily quenched to stop uncontrolied chemicai reactions before the mix is upgraded 
to commercialiy viabie products by catalytic cracking, hydroiysis, etc. (AEA 
Technology, 2001). Despite of some storage problems because of the characteristics 
mentioned above, the liquid fraction can be used as a buffer energy storage to fiatten 
demand peaks and troughs when used as fuel for internal combustion engines in 
power production.
Finaily, current pyrolysis waste processes are designed to minimise soiid residues, i.e. 
ash and char. The former is an incombustible material similar to ash produced in 
gasification and incineration. When unavoidable, char, a solid carbonaceous materiai, 
is used as fuel inside the same plant to maximise energy extraction and avoid iandfiii 
disposai (DEFRA, 2005b).
7.7 Benchmarks and mass/energy balances
Pyroiysis mass balance depends greatly on operating parameters, mainly temperature 
and heat transfer rate, that affect the solid, iiquid and gas fraction baiance. References 
in section 7.5 and 7.6 contain examples of mass balances for different pyrolysis 
process.
Benchmarks of energy production depend on how the process outputs are used. If 
dirty syngas is burnt in an oxidation chamber and there is a minimum solid residue, it 
is likeiy that the energy output wili be relatively high whereas pyroiysis process, with 
high iiquid and solid output percentages, wili have lower energy outputs if these are 
not fully burnt. Another consideration when comparing energy outputs between 
different technologies is the different type of fuel each technology uses. Typically, 
gasification and pyroiysis use RDF that needs some pre-processing hence reducing 
the overali energy efficiency of the whoie process.
Some of the figures quoted for gasification are appiicable to pyrolysis process 
because the source does not distinguish between the two processes so most of the 
figures quoted in section 6.6, are also appropriate for pyrolysis. Some of the 
efficiencies or energy figures quoted are gross, i.e. not inciuding internal energy
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consumption in the plant, whereas other are net, i.e. power availabie to export after 
discounting the plant parasitic iosses.
DEFRA (2004) uses the Burgau piant in Germany, operated by UK company 
WasteGen Ltd., as a case study to estimate energy outputs and quotes a net energy 
output of 642 kWh of electricity per tonne processed which is aiso used for pyroiysis. 
As much as 20% of the eiectricity produced is used inside the plant. The average CV 
of the fuel input is 8.5 MJ/kg with 25 % moisture, 30 % inorganic waste and 45% 
organic waste (Wastegen Ltd., 2006)
Mitsui Babcock quoted a gross energy output of 600 kWh of eiectricity per tonne of 
MSW treated that could be improved with plant modifications. However, parasitic 
loads of 200 kWh of electricity are stili deemed quite high ieaving the net export in 400 
kWh electric per tonne treated. The Compact Power instaliation ciaims a gross energy 
production of 705 kWh per tonne. These figures are based on a MSW with a iow CV of 
10 MJ/kg (SLR Consulting Ltd., 2006).
The AEA Technology (2001) reports some figures on gross and net efficiencies of 
pyroiysis systems coupied with ICEs that reflect higher efficiencies on electricity 
production for larger systems. For example, in systems with less than 100 kW electric 
output, gross efficiencies of 26% and 23% net are quoted. Larger systems of up to 
1MW eiectric have a gross efficiency of 32% reduced to 28% when generator 
efficiencies are accounted for. Finaliy, internai combustion engines of up to 5MW can 
reach up to 42% gross efficiencies with overali net efficiencies of 36%.
Table 3 in page 169 compiied by Fichtner (2004), presents some energy efficiencies 
for various ATT technologies. Additionally, the Environment Agency’s Waste 
Technology Data Centre (Environment Agency, 2006) and the “Thermal methods of 
municipal waste treatment” report from Biffa (2003) have published more mass and 
energy balances for some case studies.
7.8 Scale
With regards to costs and footprints, pyrolysis and gasification plants are usually 
grouped together in the reports found so, in general, figures presented in section 0 are 
appiicable to pyrolysis piants.
O’Brien (2002), mentions that pyrolysis units can be moduiar with capacities ranging 
from 20,000 to 50,000 tpa and simiiar land requirements to gasification units, if the 
amount of waste processed is under 80,000. Should the throughput of the plant be 
higher, O’Brien mentions requirements from 15,000 m^  upwards.
SLR contacted Compact Power for the waste treatment technology option review in 
the project with Buro Happoid and capital costs of El 5m for a 60,000 tpa plant where 
quoted with operationai costs of around £67 per tonne treated. However, interestingly. 
Compact Power did not consider themselves competitive at scaies around 300,000 
tpa of waste and they position themseives as part of an integrated waste management
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solution (SLR Consulting Ltd., 2006). Another technoiogy supplier interviewed by SLR 
was Mitsui Babcock who quoted a price of £120m for a 250,000 facility with 
operationai costs of £20 per tonne. Their piant in Toyohashi with a capacity of 150,000 
tpa uses around 45,000 with the building itself covering 9,200 (SLR Consulting 
Ltd., 2006).
7.9 SWOT
As with many other sections of this section, the SWOT analysis of pyroiysis presents 
similarities with gasification. In this case, it also presents relative statements between 
pyroiysis and incineration but being both usually exclusive the analysis is very relevant 
when comparing them.
This SWOT analysis has been carried out on environmental, technical and economic 
grounds and is based on the combined gasification/pyrolysis analysis done in the 
twelve months report.
7.9.1 Strengths
• Potential for up to 90% waste diversion from iandfiii (Foth & Van Dyke and 
Associates Inc., 2004);
• Potential for producing quantities of usable gas, fuel oil, and/or fuels, as well as 
front-end recovery of traditional recyclables. (Foth & Van Dyke and Associates 
Inc., 2004);
• The thermodynamic efficiency of a cycle fuelled with syngas is higher than a 
Rankine's cycle of steam because temperatures are much higher, around 
1200°C, therefore increasing the whole process efficiency (iCE, Forward 
Scotland et ai., 2005; Swithenbank, 2006); and
• Greater potential public acceptance over other waste disposal options(ICE, 
Forward Scotland et al., 2005).
7.9.2 Weaknesses
• Relatively unproven technology with reduced number of operational hours, 
hence poor bankability. (McLanaghan, 2002; DTI, 2004; Foth & Van Dyke and 
Associates Inc., 2004; ICE, Forward Scotland et al., 2005; Environment 
Agency, 2006);
• Pilot and demonstration projects in the United States have documented 
significant problems in scaling up from very small applications to full-scale 
projects. (Foth & Van Dyke and Associates Inc., 2004);
• High projected capital and operating costs because small scale does not 
achieve economies of scale. (Foth & Van Dyke and Associates Inc., 2004; ICE, 
Forward Scotland et al., 2005; Yassin, Lettieri et ai., 2005);
• Pyrolysis usually requires homogeneous fuel, e.g. RDF, which needs 
preparation thus increasing costs and reducing net efficiency (McLanaghan, 
2002); and
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Residual materials, specially from ARC equipment, couid be hazardous and 
more heavy metals are found on pyrolysis soiid residues than in incineration 
(AEA Technoiogy, 2001; O’Brien, 2002; Foth & Van Dyke and Associates Inc.,
2004).
7.9.3 Opportunities
• It can penetrate EfW markets by proving its reiiabiiity through the use of 
biomass homogeneous fueis iike energy crops (Yassin, Lettieri et ai., 2005);
• Pyrolysis syngas can be used as feedstock in chemical processes or for 
producing hydrogen (ICE, Forward Scotland et al., 2005; Environment Agency,
2006);
• Flexibility of scale and reduced footprint of localised facilities used in 
accordance to proximity principle (McLanaghan, 2002; Yassin, Lettieri et ai., 
2005; Environment Agency, 2006);
• When optimised for energy production, higher energy yields make pyrolysis 
more attractive than incineration (Yassin, Lettieri et ai., 2005); and
• Shorter planning horizons, in the range of months rather than years , than 
incineration (McLanaghan, 2002).
7.9.4 Threats
• It is usuaily mistaken as incineration because of the syngas oxidising phase 
and therefore suffers similar negative associations (Environment Agency,
2006);
• It tries to penetrate a well-established incineration market (ICE, Forward 
Scotland et al., 2005); and
• Technical and economic specifications cannot be easily demonstrated due to 
lack of commercially operating piants (ICE, Forward Scotland et al., 2005).
7.10 Case study
The case study presented here it is not pyrolysis only, but is combined pyrolysis and 
gasification plus a further stage of oxidation. It is representative of the existing 
situation of gasification/pyroiysis system and it is one of the few piants operating in 
the UK using this technoiogy. There are plans to build a fully commercial scale plant 
using this technology near the existing one.
The existing piant at Avonmouth (Bristol) pyrolyses waste, compressed into 100 kg 
slugs, for 1.5 hours between 400 °C and 800 °C during which hydrocarbon gases are 
released leaving carbon and inert residues from which recyclable materials, e.g. 
metals, can be recovered. The carbon can be captured for manufacture of high value 
products, e.g. activated carbon, or reacted with steam to produce a syngas rich in 
hydrogen and carbon monoxide. The syngas is combusted reaching temperatures of 
1,250 °C for more than two seconds to comply with legislation. Hot gases are used to 
raise steam and energy is produced by expanding them via a turbine. Emissions are 
low, specially for NO  ^and dioxins. The plant’s modular approach, two pyrolysis tubes
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and a gasifier form a unit and up to four of these units can be attached to the 
oxidation phase, allows for processing different types of waste at a time and enhances 
resiliency and scalability and it has a iow footprint. The piant was built in 2001 and has 
since operated on municipal and clinical waste. The eiectric output claimed for a 
feedstock with CV of 18MJ/kg is 600 kWh per tonne equivalent to 12% efficiency and 
SLR (2006) quoted a thermal efficiency of 36%. Part of the thermal energy produced 
needs to be used in the process to heat up the pyrolysis tubes and to gasify with 
steam the pyrolysed waste hence it can be expected a much lower overall efficiency 
(Acton and Hogg, 2001).
Figure 16 shows a schematic of the process with the pyrolysis tubes plus the 
gasification and thermal reactors and the energy extracting elements that produce 
heat and electricity.
Some additional case studies can be found in the AEA Technology’s report (2001), the 
Biffa report (2003) and in the Waste Technoiogy Data Centre of the Environment 
Agency (2006).
8 Plasma arc
8.1 Description
This section covers briefly plasma arc technology. Plasma arc processes were not 
invented as a waste treatment originally and their use for this purpose is limited. 
Plasma arc is best used to treat relatively small quantities of hazardous and clinical 
waste rather than large quantities of municipal and commercial waste. However, it has 
some positive aspects, e.g. reduced footprint, minimal emissions and vitrified residue, 
which may put it amongst the considered EfW technologies, should these aspects be 
critical, for a given project.
Plasma arch uses very high temperatures to treat wastes converting them in a 
combustible gas and an inert residue. The term plasma refers to a conductive, 
electrically ionised gas. Several gases can be used for the purpose but for treating 
wastes the most commonly used is air. It is rendered eiectricaily conductive by 
subjecting it to a very high eiectric potential difference. The flow of electrons between 
the two electrodes creates a stable electric arc. Similar to a conductive material, air is 
heated by the current passing at temperatures ranging from 5,000 to 10,000 °C. 
(Associates in Industrial Ecology, 2003)
There are two main technologies using this principle: plasma tcrch or a system using 
graphite electrodes (Carabin P. and Gagnon J.R., 2006). Plasma processes are suited 
for treatment of wastes having a high inorganic fraction and low heat potential 
because most of the heat required for treatment is provided by the plasma and not by 
the oxidation of wastes. The plasma arc needs a high voltage difference hence it
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consumes a lot of electricity with the associated high operationai costs (Associates in 
Industrial Ecology, 2003).
Plasma emissions have lower pollutant potential than other ATT additionally to a 
vitrified soiid residue. The gases produced are similar to those produced by 
gasification and pyrolysis hence they could be used to generate energy or converted 
into other compounds for different applications.
This technology is even further from being commercially viable than gasification and 
pyrolysis and it is reduced to a very limited application field. From the point of view of 
this research it will not be considered in the “Waste-Technoiogy-Buiit environment” 
map or in any future deliverable. Nonetheless, this consideration could change should 
it become a more mainstream technoiogy or sudden interest arises.
8.2 Scheme
Figure 17 shows the schematic of a plasma arc installation to process MSW (URS, 
2005). Pre-processing allows separation of recyclable materials and the emission 
control system cleans the syngas produced before using it in a simiiar fashion as if it 
was produced by gasification or pyroiysis.
Raw MSW Air or Oxygen
Syngas
Clean
SyngasEmission
Control
System
Power 
Generation 
(1C Engine or 
Gas Turbine)
Physical
Processing
NWten I Torch 
Sag y
Torch
Metals
Glass
Paper
Plastics
V
Slagfi
Metals
F ig u re  17 . P la s m a  p o w e r  s c h e m a tic  (U R S , 2 0 0 5 ).
The core element can use plasma torches, as shown above, but it can aiso use 
electrodes. A schematic of such arrangement is shown in Figure 18.
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8.3 Inputs and Outputs
Plasma arc technologies have been traditionally used for hazardous, clinical and 
radioactive wastes because of their capacity of reducing any compound to its 
elemental constituents due to the extremely high temperatures. When used for 
treating MSW or commercial and industrial waste, the process is modified so that a 
syngas is produced. This syngas can then be used as fuel in ICEs or turbines or as 
feedstock for a chemical process.
The high temperatures turn the solid residues into a vitrified slag or obsidian-like 
silicate with a low leachability of toxic metals deemed as non-hazardous waste 
(Tetronics, 2007). It has re-saleable value as road fill, concrete aggregate, abrasive, 
and when re-cast, even used as construction tiles (Safe Waste and Power, 2007). 
Vitrification allows for a significant volume reduction, typically of more than 5 to 1 for 
ash and more than 50 to 1 for solid waste (Carabin P. and Gagnon J.R., 2006)
On energy grounds, a plasma facility it can be expected to be a net energy consumer 
of electricity although that may depend on the design and the calorific value of the 
fuel. Certain plants are conceived as energy recovery facilities, e.g. Advance Plasma 
Power -  Tetronics facility with 3 MW of electric output, whereas others are designed 
to maximise waste destruction and minimise residues, e.g. Plasma Arc Waste 
Destruction System by Pyro Genesis.
No description of syngas properties and composition, or more details on the energy 
balance are included in this brief description of the technology but manufacturers like 
Tetronics (Tetronics, 2007), American company Westinghouse (Westinghouse plasma,
2007) and Canadian-based Pyro Genesis (2007) can be good sources of information.
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8.4 Scale
The Advance Plasma Power -  Tetronics facility proposed at Farringdon near Oxford is 
expected to require 2,000 m  ^ for treating 50,000 tpa of waste (Advanced Plasma 
Power, 2006)
The Plasma Resource Recovery System from Pyro Genesis has capacities from 700 
and 70,000 tpa approximately. Other of the Pyro Genesis products is designed to be 
compact and for to destroy waste onboard ships and has a capacity of 160-340 kg 
per hour within a very reduced rectangular footprint of 10 m by 6.4 m.
Regarding costs, previous reports summarised by Foth & Van Dyke and Associates 
(2004) estimated the capital cost for a plasma reactor at $200 per kW of thermal 
capacity with operational costs varying depending on the material processed between 
$415 per tonne for agricultural-based medium to $6,360 per tonne for waste paint. 
Notwithstanding, the city of Honolulu report on plasma arc gasification (Beck, 2003) 
concluded that plasma economics are too variable and existing plants lack proper 
scale for comparison.
Associates in Industrial Ecology (2003) quotes capital costs of up to 21 Om for a 
36,500 tpa plant with operational costs of £50 per tonne treated for the Advance 
Plasma Power -  Tetronics.
8.5 SWOT
A non-detailed strength, weaknesses, opportunities and threats analysis of plasma arc 
technology is presented here. This section covers only its applicability to the treatment 
of wastes. This analysis has been carried out on environmental, technical and 
economic grounds.
8.5.1 Strengths
• Superior thermal destruction (Foth & Van Dyke and Associates Inc., 2004)
• Low emissions to air (Associates in Industrial Ecology, 2003; Foth & Van Dyke
and Associates Inc., 2004);
• Plant has a low profile, unobtrusive accommodation features (Advanced 
Plasma Power, 2006);
• Strengths from (Associates in Industrial Ecology, 2003);
• Flexibility in wastes handled (Associates in Industrial Ecology, 2003); and
• Modular design (Associates in Industrial Ecology, 2003).
8.5.2 Weakness
• High initial investment, power requirements and operating costs (Associates in 
Industrial Ecology, 2003; Foth & Van Dyke and Associates Inc., 2004);
• May require pre-processing of fuel (Associates in Industrial Ecology, 2003; 
Foth & Van Dyke and Associates Inc., 2004);
EngD Dissertation______________________________ Volume III_________________________Page 217
• Lack of reference plants that treat MSW; and
• Potential operational issues of maintaining a stable plasma arc due to low
calorific value and moisture content in household waste/MSW (Associates in
Industrial Ecology, 2003).
8.5.3 Opportunities
• Plasma arc technology qualifies for ROC's (Advanced Plasma Power, 2006); 
and
• Very compact technology.
8.5.4 Threats
• It tires to compete in a well-established market for technologies like
incineration.
8.6 Case study
The revision carried out by Associates in Industrial Ecology (2003) mentions that there 
are no known reference plants for household waste/MSW currently in operation 
around the world. Nonetheless, a 150,000 tpa plant was planned for Lubsko, Poland 
for municipal and industrial wastes. Tetronics has commissioned over 30 treatment 
plants worldwide fourteen of which handle bottom ash/fly ash from ATT plants treating 
MSW with the predominant market in Japan.
Canadian manufacturer Pyro Genesis has found a market niche for its two different 
systems: the “Plasma Arc Waste Destruction System” (PAWDS) used to destroy waste 
on board commercial and military cruises (Carabin P. and Gagnon J.R., 2006; Pyro 
Genesis, 2007)
Finally, the Advanced Plasma Power -  Tetronics facility near Oxford is a proposed 
facility in the UK that will treat MSW in the form of RDF. It will generate a syngas in a 
fluidised bed gasificator that passes later through a plasma arc before being cooled 
and cleaned. That syngas is a clean hydrogen rich fuel gas of consistent calorific value 
used as fuel in gas engines that produce electricity 50% of which is exported to the 
grid. The plant also generates heat in the form of low temperature stream and a 
vitrified solid residue that is just 1 % of the waste input in volume (Advanced Plasma 
Power, 2006).
The following picture shows a model of the proposed plan where the RDF fuel storage 
(A), feed system (B), plasma converter (C), fluid bed gasifier (D) and gas engines (G) 
can be seen. The installation at the back is the gas cleaning facility with a gas storage 
facility, a scrubber and a particulate filter. The footprint area of the covered space is 
1,750m2 whilst the external space is 1,000m2.
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F ig u re  19 . P la s m a  a rc  fa c ility  m o d e l (A d v a n c e d  P la s m a  P o w e r, 2 0 0 6 ).
9 Mechanical Biological Treatment (MBT)____________
This section briefly introduces Mechanical Biological Treatment (MBT). It is not an EfW 
technology as such, but its biological processes may include anaerobic digestion and 
it is usually found associated with EfW technologies as a pre-process hence it is 
described here.
MBT is a generic term that refers to a combination of different mechanical operations 
such as sorting, bulking, shredding, separation and transfer of materials together with 
biological treatments, like composting or anaerobic digestion, to stabilise the 
biodegradable fraction aimed at recovering the maximum value from waste and 
minimise landfilling. MBT can sometimes comprise some thermal treatments like 
heating or drying.
MBT is not a disposal method but a pre-treatment used in combination with other 
technologies as part of an integrated waste management system. In general, MBT 
maximises recycling, segregating non-recyclable fractions, and produces more 
homogeneous outputs, e.g. RDF, that can be treated easier by other technologies. 
Depending on the plant’s specific objectives e.g. produce compost, biogas, minimise 
volume, etc. individual mechanical, biological or thermal treatments can be arranged 
to optimise the process.
RDF is produced in MBT plants. It is basically, high calorific waste with the majority of 
high moisture, such as the putrescible fraction, and inert non-combustible 
components, e.g. glass, metals, sand, bricks, etc., removed. It has lower moisture 
content and more homogeneous properties than raw MSW and it can be used as an 
alternative fuel in thermal treatment plants or in co-combustion plants, e.g. cement 
kilns (ICE, Forward Scotland et al., 2005).
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Most MBT technologies have been developed in Germany, but Austria, Switzerland 
and the Netherlands are also active markets. Juniper Consultancy Services has 
produced a very comprehensive report on MBT that can be use as reference 
document for an in-depth view of MBT (Juniper Consultancy Services Ltd., 2005).
A revision of existing plant capacity shows that it seems to be a lower limit in the MBT 
capacity of around 20,000 tpa. As a comparison, an average UK household generates 
around one tonne of residual waste a year (DEFRA, 2006a), hence it is not likely to 
include MBT in the waste management strategies of small to medium developments.
9.1 Classification
No classification of MBT plants is done here due to the countless possible 
combinations of mechanical, biological and even thermal treatments. Nonetheless, 
several generic arrangements are discussed by Juniper (Juniper Consultancy Services 
Ltd., 2005) and specific examples are presented in section 9.11.
Although MBT is the most common name, other acronyms refer to similar 
technologies e.g. biological mechanical treatment (BMT), biological mechanical waste 
treatment (BMWT) and even mechanical biological processing (MBP). Some 
processes also include thermal treatment of waste e.g. autoclave. These technologies 
are known as mechanical heat treatments (MHT). If there is on-site recovery/recycling 
of materials, plants are usually referred as Material Recovery Facilities or MRFs.
9.2 Process
MBT consists of a series of mechanical, biological and sometimes even thermal 
treatments. The order of these may be optimised according to the objectives of the 
plant: maximise recycling, bio-stabilise, RDF production, etc. For example, in a MBT 
plant designed to produce RDF the following treatments will usually be found:
• Sorting and removal of bulky materials;
• Shredding, chipping and milling;
• Separation and screening with trammels and magnetic separators;
• Blending;
• Drying and pelletising/balling;
• Packaging and
• Storage.
From the point of view of energy, MBT facilities consume a lot of energy in the form of 
power and/or heat. Nevertheless, an example of industrial ecology and integrated 
waste management could be to draw these from an RDF-powered EfW facility located 
nearby (Hession, 2006; Tomberlin, 2006).
MBT plants are usually part of an integrated waste management strategy at large 
scale in combination with other facilities and processes like energy recovery thermal
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plants, landfills, and waste collection schemes. They process waste to a more useful 
form e.g. compost, RDF, recyclable stock, etc. while reducing the quantity landfilled.
The following pictures illustrate some of the treatments e.g. hand picking and size 
separation by trommel that can take place in a MBT plant.
F ig u re  20 . M B T  m e c h a n ic a l tr e a tm e n ts  (B a n k s , 20 0 6 )
Some other processes usually found in MBT plants are presented in Figure 21. They 
are in-vessel composting and autoclaving.
F ig u re  2 1 . In v e s s e l (T ra n s fo rm  C o m p o s t S y s te m s , 2 0 0 6 ) a n d  a u to c la v e  tre a tm e n ts  (E s te c h  E u ro p e , 
2 0 0 7 ).
9.3 Scheme
Figure 22 presents a block diagram of a MBT plant. There is no specific mechanical or 
biological treatment shown but the main outputs and the physical operations are 
presented.
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9.4 Operating parameters
The composition of the waste stream ooming into the plant is key for its design and 
operation. Steady operation requires minimal variation of waste composition and not 
to contain rogue items, e.g. engine blocks, car batteries, etc. that may produce 
machinery blockage or breakdown. From a biological point of view, waste’s chemical 
composition must not affect the processes’ biochemistry by containing antibiotics or 
other harmful products.
9.5 inputs and Outputs
MBT plants usually process two types of waste streams: unsorted, i.e. black bag, or 
source segregated, i.e. kerbside collection of home recycling. Depending on origin, 
quality, composition, moisture, etc. waste changes affecting plant design and or 
operation. In general, if source segregated waste is received, then most of the 
recyclables would not be present hence the main objective of an MBT would be to 
produce RDF whereas if unsorted waste is processed the plant will be designed to 
extract the maximum amount of recyclables. In both cases, minimising the amount of 
waste to landfill will be considered.
MBT outputs can be: compost-like product, biogas, metals, RDF, etc. In general, they 
can be classified as recyclables, secondary wastes or as disposable, although a given 
material can change from one category to another based on legislation, economic 
and/or technical conditions. Finding markets for the non-disposable outputs is a 
challenge for MBT operating companies. Compost-like outputs to be sold to farmers 
or other intensive consumers require Environment Agency approval. However, it is 
difficult to obtain because of its low quality due to plastic contamination. Currently, 
biogas is less attractive than conventional fuels to consumers and it is subject to
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waste legislation. Most of MBT’s outputs are used as low-grade products e.g. soil 
improver for landscaping, mixed plastic, etc. with the exception of recyclable metals 
and RDF.
9.6 Costs
It has already been said that there is a wide range of MBT plants design and operation 
modes hence estimating operating and capital costs is difficult; nevertheless, some 
guidelines are presented here.
Gate fees vary according to the type of treatment and revenue streams from materials 
recovered. The Strategy Unit (2002) estimates an average of £35 a tonne but it can be 
as high as £70 a tonne. Capital costs vary by size of plant from £8m for a 50,000 tpa 
facility to £25m for 220,000 tpa. These figures are in-line with McLanaghan’s (2002). 
Enviros (2004) produced a report costing the different alternatives of waste 
management in London, and they quoted prices between £60 to £85 per tonne for 
MBT facilities including collection (£20-30) and gate fees (£40-55). Finally, a more 
recent report by DEFRA (2006b) quotes higher values of £15m for a 50,000 tpa MBT 
facility and £35m if it had a capacity of 200,000 tpa. Gate fees are estimated at £66 
and £46 respectively. According to the same source, if the MBT produces RDF, costs 
further increase up to £53m for a 50,000 tpa facility and £80m for a 200,000 tpa 
capacity plant. For this type of MBT, gate fees are around £106 per tonne of waste 
processed in a 50,000 tpa facility and £52 in a facility four times larger.
9.7 Scale of Potential Facilities
Most of the available MBT plant designs are modular so that they can be easily 
scalable. A revision of existing plants capacity shows that it seems to be a lower limit 
in the MBT capacity of around 20,000 tpa. hence these plants are only viable at 
regional scales.
Amos (2005) cited a range of 25,000 to 100,000 tpa of mixed dry recyclables for MRF 
plants. Banks (2006) recognises a wider range of scales from 15,000 tpa to 400,000 
tpa. According to Amos, a 50,000 tpa facility can serve a population of circa 100,000 
inhabitants with a footprint of 1.5 hectares. It was also mentioned that a 10,000 tpa 
windrow composting facility uses roughly 0.5 -1 hectares. (Amos, 2005)
DEFRA (2005c) presents some cases in which the average building footprint is around
0.07 m  ^ per tonne treated but the when considering total land take, i.e. including 
access roads, etc., this value increases to 0.2 m^  per tonne.
9.8 SWOT
MBT plants are part of an integrated waste management practice, but not all aspects 
of them are positive and there are some threats and opportunities for the development 
of this technology. This section describes the strengths, weaknesses, opportunities 
and threats that MBT has recognising environmental, technical and economic criteria.
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9.8.1 Strengths
A summary of the benefits of MBT from different sources is presented here (Strategy
Unit, 2002; Banks, 2006; Manson-Whitton, 2006):
• Up to 50% reduction in mass and volume of waste outputs that helps meeting 
diversion targets;
• Enhanced secondary recycling of up to 20%;
• If residual output is landfilled, leachate and landfill gases are reduced by up to
90% because of the reduced biological activity;
• A potential useable compost-like output;
• Can produce a relatively consistent and high CV feedstock e.g. RDF;
• Commercially proven at competitive prices; and
• Modular and flexible design and operation;
9.8.2 Weakness
• Does not scale down to micro scale hence only applicable in medium/large 
developments;
• Not a complete MSW management system thus requires additional processing 
and costs (ICE, Forward Scotland et al., 2005);
• Long treatment time when biological treatment is incorporated (Amos, 2005);
• Large footprint of facilities that include composting (Amos, 2005);
• There is no standard for product quality, e.g. compost, RDF, etc.;
• Some of the processes work on batch mode, e.g. autoclaving, and other
require human intervention e.g. hand picking. (DEFRA, 2005c); and
• Required planning and permitting issues (DEFRA, 2005c).
9.8.3 Opportunities
Most of the opportunities come from the possibility of diverting waste from landfill
thus helping achieving landfill diversion targets.
• MBT plants are suitable for treating a wide range of inputs. (Amos, 2005; ICE, 
Forward Scotland et al., 2005);
• EU Landfill directive (European Commission, 1999) encourages diversion of 
biodegradable waste from landfills which together with the scarcity of landfills 
offers opportunities for technologies minimising waste disposal to them;
• Product quality standards are being developed and adopted, e.g. PAS 100 
(DEFRA, 2005c); and
• It usually has a more positive social perception that other forms of waste 
management (DEFRA, 2005c);
9.8.4 Threats
Banks (2006) have compiled most of the MBT threats:
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• Uncertainty because of changing targets (BVPi’s), revenues (ROC’s) and 
legislation (PPG permits);
• It is a pre-treatment technology that needs outlets for their products or work in 
combination with other technologies;
• Represents a significant investment and long term contracts; and
• Although recyclable materials collected on MBT/MRF facilities count towards 
LA targets, the quality of the materials is lower than when brought to bring- 
banks or kerbside collection. (FoE, 2004)
9.9 Existing facilities
In 2005, around 80 facilities from the largest manufacturers were operating worldwide 
with a capacity of circa 8.5 million tpa. It is forecast that in 2006 there will be over 120 
with a combined capacity above 13 million tonnes (Juniper Consultancy Services Ltd., 
2005).
Spain, Italy and Germany have the most experience with MBT facilities, whereas the 
UK, Australia and Canada are seen as countries very interested in implementing MBT. 
Finally, in USA and Japan MBT is largely unknown (Juniper Consultancy Services Ltd.,
2005).
9.10 RDF
A separate section is devoted to RDF because it can be considered, together with 
secondary recycled materials, the main output of MBT facilities.
A European standard is being developed, i.e. “CEN TC 343 Solid Recovered Fuels” 
(DEFRA, 2005c) for RDF.
RDF generally comes in two forms, coarse RDF and dense RDF. Coarse RDF is 
generally a dried, shredded mix of high calorific materials that are baled. Dense RDF is 
coarse RDF that has been pelletised (ICE, Forward Scotland et al., 2005). In both 
cases, the properties are more homogeneous than raw MSW (Manson-Whitton, 2006). 
RDF is typically used as fuel in EfW facilities, specially in gasification and pyrolysis 
plants, because a homogeneous fuel is paramount for their correct operation. 
Nevertheless, RDF can also be used as substitution fuel in paper mills, steel works, 
cement kilns, or coal-fired power stations (ICE, Forward Scotland et al., 2005). The 
use of RDF in co-combustion plants is analysed in more detail in the Juniper report 
(Juniper Consultancy Services Ltd., 2005).
9.11 Case studies.
The presented case study is based on the UR-3R process technology implemented at 
Eastern Creek (Australia) and was described at the CIWM 2006 annual conference by 
Singh (2006).
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The UR-3R MBT plant near Sydney segregates waste stream and prepares waste for 
recycling or biological treatment, e.g. in-vessel composting, in a combination of 
mechanical, automated and manual systems. The project development started in 2000 
and has finished its test phase in early 2006. The site occupies five hectares and 
processes 175,000 tpa with a forecast of treating 260,000. The waste characterisation 
process matched perfectly the received waste but for very minor, although 
problematic, fractions of batteries, WEEE, etc.
Harris has collected some more examples of MBT in the UK built by the following 
companies (2005):
• Civic Environmental Systems Ltd.;
• Estech Europe Ltd.;
• Herhof Environmental; and
• Shanks who own the patent for the Ecodeco process.
Other case studies can be found in DEFRA publications like the “New Technologies 
Demonstrator Programme. Catalogue of Applications” (2005d), the “Advanced 
biological treatment of MSW” (2005a), or the more specific for MBT “Mechanical 
Biological Treatment & Mechanical Heat Treatment of Municipal Solid Waste” (2005c). 
Appendix D of Juniper’s report on MBT (2005) also contains some more examples of 
MBT plants.
9.12 Legislation
MBT plants, as many other waste management installations, are subject to permits 
and regulations as ruled in the Waste Management Licensing Regulations amended in 
2005 (UK Parliament, 2005b). Permissions are required and issued by the Environment 
Agency under the Pollution Prevention and Control (England and Wales) Regulations 
2000 (UK Parliament, 2000) that were originated by European legislation (European 
Commission, 1996).
Other legislation that may affect MBT is the Waste and Emissions Trading Act 2003 
(UK Parliament, 2003) that transposes EU landfill diversion targets into UK legislation 
and the Animal By-Products Regulations ABPR 2005 (UK Parliament, 2005a).
Finally, the EU landfill directive (European Commission, 1999), implemented in the UK 
under the Waste and Emissions Trading Act 2003 (UK Parliament, 2003), is a big driver 
to reduce landfilling. MBT can help in achieving this objective.
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Appendix XV. 24 month dissertation 
1 Research description___________________________
The main aim of this research is to explore the technical, economic and environmental 
aspects as well as the drivers and barriers of the integration of energy-from-waste 
(EfW) within building developments in the UK.
This dissertation describes the progress to date and the plans to achieve that aim and 
its expected contribution to knowledge. The first part of the dissertation presents the 
research context (section 2) and the progress to date (section 3). This includes the 
description of the decision support tool (DST) and multi-criteria decision analysis 
(MCDA) methodology, identification of relevant criteria and exploration of appropriate 
tools for the environmental and economic analysis. In the second part (section 4), the 
tasks required to achieve this research’ aims for the next two years are outlined. 
Finally, section 5 describes the publications envisaged to be produced during the 
research.
With increasing awareness of sustainability, demand for energy and waste production 
new opportunities open for EfW. However, the complexity along with the large number 
of disciplines involved, place the problem within the “post-normal” science paradigm 
and specialised tools are required to deal with it. Hence, a DST based on MCDA 
theory will be developed and validated to assess technical, economic and 
environmental criteria to help with the integration and technology selection. During the 
research, drivers and barriers for integrating EfW within the built environment will be 
highlighted. The identified drivers and the DST will allow, and encourage, stakeholders 
to integrate EfW within their developments. Finally, measures will be proposed to 
overcome the identified barriers learning from good practice and overseas experience.
Based on the stated aims, the following research questions are to be investigated:
• How can the most appropriate EfW be selected given the technological 
limitations while considering the economic and environmental aspects?
• What are the drivers and barriers for the integration of EfW within building 
developments?
• How can the barriers be overcome?
It is envisaged that the tool will be used by developers, planners and consultants 
during the concept design stages of a project to inform preliminary EfW technology 
selection rather than plant design and siting. Additionally, these results can be used 
during the public consultation stage with external stakeholders as a basis for an 
informed discussion where it may also incorporate their views. In order to reduce the 
problem to a manageable size, a reduced group of criteria, e.g. technological, 
economic and environmental, and potential solutions, e.g. EfW technologies or landfill
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and traditional energy generation, will be considered. Therefore, evolution in recycling 
trends and social acceptance are only considered changes in the framework and not 
in the core of possible solutions. The DST domain of application is presented in Figure 
1.
DST domain of influence
External Stakeholders: 
•Internal stakeholders 
•General public 
•Local authorities
External factors: 
•Social opposition 
•Increased recycling 
•Changing legislation 
•Market evolution 
•Etc.
Social
Internal Stakeholders: 
Developers
Consultants 
Planners 
Community
Techno-
Economic Environmental
Internal criteria
Efficiency 
Costs 
Emissions
DST domain of application
F ig u re  1. D S T  a p p lic a tio n  a n d  in flu e n c e  d o m a in
EfW technologies transform the residual, i.e. after recycling, waste produced during 
the operation of any building development into energy, e.g. heat and power, for the 
use and comfort of the community living and/or working in it. This research is limited 
to EfW plants that operate nearby to building developments that could benefit from 
the energy produced, particularly heat, whilst disposing of the waste under the 
proximity principle, i.e. with minimal transport. Therefore, EfW plants operating merely 
as regional power producers or waste disposal facilities will not be considered. 
Selection, sizing and location of these larger facilities have already been addressed by 
other researchers and reports because they are the type usually considered by local 
authorities (LA) in their waste disposal and local plans. This research will be focused in 
the UK although best practice, case studies, etc. could be drawn from other parts of 
the world.
DSTs are commonly used for environmental problems. In particular, they have already 
been used for EfW in the UK or Ireland but not at the building development level as 
this research proposes.
The DST will cover the following aspects;
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• Technology. Anaerobic digestion (AD), gasification, pyrolysis and incineration 
are the main EfW technologies. The current state-of-the-art engineering 
developments have been investigated and a SWOT analysis carried out. The 
most appropriate inputs, outputs benchmarks and current limitations and 
requirements have been compiled.
• Economic. Capital and operating costs and revenues as well as taxes for each 
EfW technology and other traditional energy production methods and waste 
management activities will be compared to estimate the economic benefits of 
the various alternatives using life cycle costing (LOG).
• Environmental. The analysis will compare the relative environmental impacts or 
benefits of each of the EfW technologies, traditional energy production 
methods and waste management practices using specialised LCA software.
Once a project is fully designed, complex modifications are difficult. Consequently, 
integrating EfW should be considered at the early stages of a building development. 
The DST will be designed to work with the relatively little information available at that 
stage.
One key data set relates to predicting waste arisings. There is limited published 
information on residual operational waste quantity and composition generated by 
different types of buildings. A literature search has yielded some data that has been 
compiled in a Waste Estimation Tool (WET). This estimates total annual waste quantity 
and composition using location, area and type of building as inputs. The WET is 
introduced in section 3.1 and the database is in appendix V.
Estimations by WET will be used in the DST, which is described in section 3.2. It 
consists of two phases. In the first, EfW technologies will be discarded if the waste 
quantity suitable for each technology estimated by WET is under an economic 
minimum value. In the second phase, various environmental and economic criteria will 
be scored, weighted and validated. Thanks to MCDA allowing different specialised 
tools to assess each group of criteria, it has been avoided the use of a single tool 
relying on the controversial monetization of environmental assets.
At the current state of research, most relevant criteria have been identified and the 
tools to analyse them chosen whilst he remaining tasks are presented in section 4.1. 
Scoring the criteria with the results from the specialised tool is the next step. Tool 
user’s opinions need to be measured. Therefore, weights will be assigned to criteria 
according to their opinions and presented together with the criteria scores to aid the 
decision process. Finally, in the validation phase, results will be tested for consistency 
using sensitivity analysis on the variables that may affect them.
EfW plants are long-term investments and the DST can be used to explore future 
scenarios with different energy, waste, legislative and economic frameworks. Potential 
changes will be mapped to relevant criteria and these subject to a sensitivity analysis 
in an evolution analysis phase described in section 4.2.
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While researching the different DST aspects, many drivers for EfW integration within 
building developments have been identified. For example, reducing greenhouse gases 
(GHG) emissions, security of energy supply, increased renewable energy generation. 
Similarly, social, planning, technological, economical and legislative barriers have 
been spotted. This preliminary work will be refined and extended during the following 
two years. Section 4.3 outlines how a compilation of drivers and barriers and 
proposing alternatives to eliminate or circumvent the latter will be done. In many of the 
researched aspects, the UK is considerably different from other countries, e.g. Japan, 
Germany, Sweden, etc. where EfW technologies are better integrated. Attending at 
international conferences will allow learning good practices so that drawing from 
them, changes will be proposed to ease the integration of EfW technologies within the 
building development in the UK.
This research contribution is expected to be used in the sponsoring company to 
provide a more informed view to clients covering technical, economic and 
environmental aspects of the EfW integration within building developments. 
Furthermore, developers, planners and local authorities, can also use the DST to 
assess the feasibility of EfW in new developments. Finally, DST results can be used 
during public consultations to inform the debate, ease planning permission and gain 
social acceptance.
2 Research context
2.1 Research drivers
EfW makes better use of the resources in a scarce world whilst minimising the harm to 
the environment by reducing the use of non-renewable energy and material resources. 
It closes the energy loop (of. Figure 2) and helps decoupling economic growth from 
resources thus creating a more sustainable society (Strategy Unit, 2002). However, 
critics, mainly in Anglo-Saxon countries, say EfW hampers recycling and that 
produces noxious emissions like dioxins (Greenpeace, 2000; FoE, 2002; 2007; 
Greenpeace, 2007). Nonetheless, these have been proved wrong with high recycling 
levels in many European countries where EfW is widely present and by tenfold 
reductions in dioxins emissions in the last decade (NAEI, 2003; DEFRA, 2006e)
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Heat and 
Power
Waste
F ig u re  2 . E fW  c lo s e d  e n e rg y  lo o p
There is a large agreement, that human activities are harming the environment, in 
particular with emissions of gases that contribute to the enhanced greenhouse effect 
(IPCC, 2001). Under the precautionary principle (European Commission, 2000a), 
humanity needs to act now to stop climate change. As stated in the Stern Review 
(2006) “There is still time to avoid the worst impacts of climate change, if we take 
strong action now.”
International agreements, like the Kyoto protocol (UNFGOG, 1997), have established 
targets to reduce GHG emissions. The European Union (EU), through legislation like 
the Renewable Directive (European Commission, 2001) and the Landfill Directive 
(European Commission, 1999) is playing a leading role. Regarding renewable 
electricity generation, ICE (2005b) recognises that EfW can reach 26%, well above the 
10% target for 2010. The UK has set itself a more ambitious target: 60% reduction in 
CO2 emissions below 1990 levels by 2050 (DTI, 2003).
Figure 3 shows that domestic and industrial sectors, both with 28% of total CO2 
emissions in 2004, and landfill, which represents around 40% of total CH4 emissions, 
are two large contributors to GHG emissions. EfW can help achieving reducing these 
emissions because it diverts waste from landfill and displaces energy production in 
fossil fuel powered stations. Its role is reinforced in the current England’s waste 
strategy (DEFRA, 2007c) and energy white paper (DTI, 2007b) but recognised from 
before (Strategy Unit, 2002).
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At national scale, security of supply is another important aspect of the energy strategy 
(DTI, 2007b) in which EfW can help. This has also been recognised at European level 
(European Commission, 2000b). Using locally produced waste, following the proximity 
principle (European Commission, 2005), to produce energy means less dependency 
on foreign fossil fuel imports.
Another incentive for EfW is that it contributes towards renewable energy generation 
targets as contemplated by the Renewables Obligation (RO) (DTI, 2006b). However, 
only the biodegradable fraction of waste is eligible according to the EU Renewables 
Directive (European Commission, 2001). In DUKES 2006 (DTI, 2006a), it has been 
estimated that the non-biodegradable content in waste was 37.5% in 2005.
The RO tries to increase renewable electricity generation in the UK to 10% and 15% 
of the total by 2010 and 2015 respectively. However, in 2006 it was only 4.6% as 
Error! Reference source not found, shows. According to ICE (2005), EfW has the 
possibility of producing 17% of UK’s electricity. Even if not all counted as renewable, 
it would still represent a large contribution towards the EU 20% by 2020 renewable 
energy target (European Commission, 2007).
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Volume and weight of waste treated in EfW plants are greatly reduced, 90% and 75% 
respectively, meaning less waste to landfill (Biffa, 2003; DEFRA, 2005). In particular, 
only around 45% of the bottom ash, which represents between 80% and 95% of the 
residues, is landfilled (CIWM, 2003). Therefore, EfW helps with the scarcity of the 
unavoidable final disposal solution, i.e. landfill. Fly-ash and flue gas cleaning residues, 
the remaining 20% to 5%, are considered hazardous and, despite research in 
alternative treatments and use, usually require disposal to special landfills (CIWM, 
2003; Environment Agency, 2006; Vehlow, 2006).
Legislation is another of this research drivers. Some of the relevant laws have already 
been mentioned in this section although a more comprehensive list of legislation is 
compiled in appendix II. Legislation imposes GHG emissions restrictions, bans on 
biodegradable wastes to landfill and pre-treatments to wastes all of which can be 
helped by EfW.
Finally, a notable feature of this research, i.e. integration of EfW within building 
developments rather than at regional or larger scales, embeds the proximity principle, 
a key part of the EU environmental and waste management policy, that advocates for 
waste to be managed near to where it is produced (European Commission, 2005). This 
particularity makes the outputs of this research attractive for the sponsoring company 
as it fits very well with the type of projects it undertakes.
2.2 Energy, waste and EfW data
Figure 5 shows primary energy consumption in the UK showing stabilization 
symptoms in recent years although it is still expected to increase worldwide (DoE, 
2005; lEA, 2005).
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EfW main outputs: heat and power, can substitute other traditional fuels like gas and 
electricity; in particular, the large fraction of domestic and industrial use, i.e. the 
components of building developments, as Figure 6 shows.
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27%
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F ig u re  6 . U K  fin a l e n e rg y  c o n s u m p tio n  (2005) b y  s e c to r  a n d  fu e l ty p e  (D T I, 2 0 0 6 a ).
Waste in the UK is managed according to the hierarchy adapted from the EU Waste 
Framework Directive (European Commission, 1976), based on life cycle thinking, 
which ranks waste management options as Figure 7 shows.
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Not producing the waste in the first place or reusing discarded materials is much 
preferred with recycling being the next favoured option. England’s waste strategy 
(DEFRA, 2007c) sets increasing yearly targets to LAs on recycling. However, choosing 
between recycling and energy recovery requires flexibility under a sccic-eccncmic 
approach as stated by EAI (2005). Research by WRAP (2006) reviewing many life cycle 
assessments (LCA) concludes that recycling/ccmpcst has better environmental results 
than energy recovery in 75% of the cases thus ratifying EAl’s approach. This 
approach opens possibilities for EfW where this research’s results will be useful.
Not all types of waste are suitable for EfW sc this research focuses on commercial 
and industrial (C&l) and on municipal solid waste (MSW), whose main component is 
household waste. Other wastes have none or low calorific value (CV), cannot be 
treated biologically or do not represent a secure and constant supply.
Detailed knowledge of MSW and C&l waste amount and composition is required to 
identify the most appropriate EfW technology to be integrated in a building 
development but it is a difficult task (European Commission, 2005; BeigI et al., 2007). 
Aggregated national waste information is slowly improving thanks to the “Wastedata” 
strategy by DEFRA (2006b). The web Wastedataflow (DEFRA, 2004b) centralises 
yearly information on MSW. However, very thin and patchy information is published 
about waste benchmarks for specific commercial and industrial buildings (ICE et a!., 
2005b; STRAW, 2006). This is probably because building areas and other detailed 
information are either not collected or lost in the aggregation to regional scales. 
Nonetheless, very few surveys and studies focus on specific C&l wastes (Envirowise, 
2002; Waste watch, 2004; IBLF, 2005; Waste watch, 2005). In the UK, data are based 
on surveys by the Environment Agency in 1998/99 and 2002/03 whose results were 
incorporated in the Waste Benchmarking tool (Environment Agency, 2003). These 
results can be completed with comprehensive reports from Hogan (2004) on Irish 
waste and Cascadia (2006) from California. ICE (2005a) has published some 
benchmarks and a methodology to calculate waste quantities from building 
developments that has been adopted in the WET. Finally, increasing attention is being 
paid to construction and demolition waste given its large amounts, its high
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reuse/recycling potential and the associated economic savings (BRE, 2006). Figure 8 
shows estimated UK waste arisings by sector in 2004.
Estimated total waste arisings by sector (2004) 
Total 335 million tonnes
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Figure 9 shows that landfill is the predominant waste management method for MSW 
and C&l wastes.
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MSW recycling is progressively increasing as Figure 10 shows, although EfW is also 
recognised to play a very important role in the future (DEFRA, 2007c).
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There are not global figures for all EfW technologies although Simmons (2006) quotes 
that worldwide in 2005, incineration was used to treat approximately 143 million 
tonnes of MSW. According to AIibardi (2006), the EU accounts for 50 million tonnes, 
20% of the total it generates, ahead of Japan and the USA and the approximately 400 
European incineration plants produced 27 TWh of electricity and 63 TWh of heat. 
Incineration is widely used in Europe (Porteous, 2005) and Figure 11 shows average 
plant capacity per country reflecting a predilection for large centralised facilities rather 
than smaller integrated plants.
European incineration plant average size
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In the UK 24 EfW plants were in operation in 2005 (DTI, 2006a) and Figure 12 shows 
their energy output and the installed capacity.
EfW installed capacity and energy production
2001 2002 2003 2004 2005
■  Combustion capacity B A D  capacity □  Electricity O Heat
Figure 12. EfW capacity and energy output (DTI, 2006a)
ICE (2005) recognised the need to increase EfW capacity in the UK. Lately, England’s 
energy (DTI, 2003) and waste strategies (DEFRA, 2007c) have backed up this 
statement, particularly for AD, given the potential EfW contribution to renewable 
energy generation targets. Nonetheless, EfW integration within building developments 
is particularly problematic as described in next section.
2.3 Post normal science
The presented complexity of the issues, the number of disciplines involved, the large 
uncertainties and the importance of the stakes locate this research within the “post­
normal science” paradigm (Ravetz et al., 1993). Such paradigm describes 
sustainability problems that cover the interlinked techno-economic, environmental and 
social aspects (Rosenhead et a!., 2001; Clift, 2006; Elghali et a!., 2007) as with the 
integration of EfW within building developments. Giampietro (2006) deems necessary 
to adopt an integrated approach for these multi-disciplinary problems. Therefore, that 
is the approach followed in this research.
Establishing the decision context is the first step required to research a post-normal 
science problem (DTLR, 2000). Investing in EfW technology is a strategic level 
decision according to the UNEP (1999) classification. Consequently, in the taxonomy 
of decisions by Clift (2006) for a building developer it will be a “decision with agreed 
criteria” . The nature of the decision with many interlinked aspects without previously 
agreed relative relevance means that it will be in the category of “without prior 
articulation of preferences”. On the contrary, if society is considered, then the decision 
will not have any agreed criteria. In both cases, a tool will be necessary to inform the 
decision process that will be held with “missing information and uncertainty” (Clift,
2006).
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The next steps are the identification of the options to be appraised, the objectives and 
the criteria to be assessed (DTLR, 2000). These are presented in the following sections
2.4 Technologies
EfW technologies considered as potential solutions, namely AD, incineration, 
gasification and pyrolysis, have been investigated. Appendix I contains a description 
of the above mentioned technologies together with their working principles, operating 
parameters and main configurations. Adequate feedstocks, i.e. waste type and 
properties, and electricity generation benchmarks are given too. Physical sizes, 
minimum and maximum plant capacities and footprints are also provided. Finally, 
some comments are made on applicable legislation.
Most EfW technologies have existed for long time although only recently have been 
used to treat waste, e.g. AD. Incineration is the only commercially-proven technology 
in the UK whereas other thermal technologies are only well established in Germany 
and Japan (Juniper Consultancy Services Ltd., 2000; Sutcliffe, 2002). Appendix I also 
covers mechanical biological treatment (MBT), as a pre-process for producing refuse 
derived fuel (RDF) for EfW plants, and plasma arc gasification. Plasma is still far away 
from being commercially proven but new plants (Bryden, 2007) may make it 
mainstream.
2.5 Economic and environmental aspects
In a sustainability context (WOED, 1987), economic and environmental aspects need 
to be considered when integrating EfW within building developments. Moreover, the 
final aim of selecting an appropriate EfW technology using MCDA theory can also be 
represented as a multi-dimensional pareto analysis. In particular. Figure 13 shows the 
environment and economic axes. Based on the advantages mentioned in previous 
sections, it is expected for EfW technologies, e.g. technologies 1 to 3, to lie along the 
optimum decision frontier whereas traditional landfill, e.g. technology 4, will not. 
However, it is not clear which technology is better overall. The DST will help identify 
the most appropriate technology for a given building development.
Pure short-term economic assessment of waste management options has long been 
criticised (Elghali et al., 2007) and an integrated environmental-economic approach is 
much preferred (Eriksson et al., 2003; Gluch et al., 2004; Shmelev et al., 2006; 
Villanueva et al., 2006; Finnveden et al., 2007). Additionally, the assessment should 
consider the whole life cycle of a project (Giampietro et al., 2006)
Wrisberg (2002), in general, and Finnveden (2007), particularly for waste management, 
describe several tools to carry out economic and environmental analysis.
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LCC is a potential methodology for the economic analysis (Finnveden et al., 2007). 
LCC incorporates life cycle thinking and can contemplate current and future capital 
and operating costs as well as revenues. Some of the economic criteria to be 
assessed are capital and operating costs. Average, actual or estimated, capital costs 
and gate fees for EfW technologies in the UK have been published by DEFRA (2007c). 
At a European level, Tsilemou (2006) has collected information on existing plants and 
generated cost functions for incineration and AD.
EfW plants have lifespans of decades that together with lengthy planning process 
make necessary foresight and consider long-term economic criteria. They include 
energy prices, taxes, interest rates and labour but also other factors that may 
influence plant economics such as recycling trends, waste composition and prices. 
For example, landfill tax evolution is set to increase by the Treasury (2006) at £8 per 
annum from £24 per tonne in 2007. Energy prices and demand change are forecasted 
in the updated energy white paper (DTI, 2007a). However, these forecasts have 
uncertainties that need to be incorporated in the DST model and their consequences 
explored with sensitivity analysis.
LCA is described in the ISO 14000 family (ISO, 1997), and is one of the most widely 
accepted and used methods for evaluating environmental impacts of products and 
systems (Finnveden et a!., 2007). In particular, it has been used in several occasions to 
assess waste management options (Murphy et a!., 2004; Longden et a!., 2007) and 
Reich (2005) has used it in combination with LCC for waste management. Specific 
methodology guidance exists on LCA for waste management (Clift et a!., 2000). 
Nonetheless, existing reviews of the large published literature identify some significant 
gaps within the LCA methodology indicating that functional unit and boundary 
condition assumptions may alter the results making them very difficult to compare 
(WRAP, 2006; Ekvall et a!., 2007). In order to standardise results, countries have 
produced their own LCA waste management software. In the UK, the latest version is 
WRATE (Environment Agency, 2007).
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One of the main concerns with EfW is toxic emissions, particularly dioxins (FoE, 2007). 
However, Figure 14 shows a reduction to just 20% of 1992 levels and that waste 
incineration is responsible for just less than 40% of total emissions in 2003. This is 
partially because of the Waste Incineration Directive (European Commission, 2000c). 
Environmental analysis will quantify these emissions although DST users will weight 
them according to their preferences.
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Other environmental aspect needing incorporation in the model Is displaced GHG 
emissions by producing heat and power from non-traditional sources. This is complex 
because the changing electricity generation mix; however, DTI’s (2007b) historical 
average emissions factors data and estimations can be used. Regarding heat. Pout’s 
(2005) discussion on the apportion of GHG to heat and power in combined heat and 
power (CHP) plants can be used as a guideline.
The aspects presented here, need to be incorporated into the DST. This will be done 
using MGDA theory that is presented in next section.
2.6 Multi criteria decision anaiysis
Rosenhead (2001) postulates that new tools and modelling methods need to be 
created for post-normal science problems. He also describes their characteristics:
• Seek alternative solutions acceptable on separate dimensions without trade­
offs;
• Require less data demands and integrates social judgements;
• Need transparent process and solutions; and
• Cope with uncertainty.
EngD Dissertation Volume III Page 248
Clift (2006) and Giampietro (2006) recognise that the solutions to problems in that 
paradigm need to be considered by an extended peer community. They will also be 
needed to provide input to alter the tool, e.g. weighting, so that its results reflect their 
preferences. Nonetheless, the DTLR (2000) manual also recognises that the 
stakeholders will have the final decision which may not match that produced by the 
tool.
The sources above agree that DSTs based on MCDA an appropriate instrument to 
explore post-normal science problems. DSTs appeared in the seventies thanks to the 
work of Keeney and Raiffa (1976) and become progressively more complex. They 
have been used in many fields (Rosenhead et al., 2001) and in particular to advise on 
waste management decisions (Barlishen et a!., 1996). One recognised limitation of 
DST is that the chosen solution may not increase welfare as it may just be one, 
amongst many, of the criteria considered (DTLR, 2000).
DST can integrate tools specialised in different criteria for a better analysis (Wrisberg 
et a!., 2002; Shmelev et a!., 2006). Longden (2007) has published an example of 
MCDA used for EfW at municipal level in the UK and Murphy (2004) has considered 
the same aspects as this research for Ireland but at larger spatial scales than this 
research.
3 Progress to date.
This section presents the progress to date in researching the integration of EfW within 
building developments. To inform in the selection of the most appropriate technology, 
a DST based on the MCDA theory is being created following the steps proposed in the 
literature (DTLR, 2000; Rosenhead eta!., 2001; Wrisberg eta!., 2002):
1. Problem definition;
2. Identification of the most appropriate methodology and tool to solve it;
3. Identification of options to be appraised; and
4. Identify the objectives and criteria for the appraisal.
5. Define the scoring options
6. Weighting of individual aspects
7. Validation and sensitivity analysis
The first four have been discussed in previous sections and appendix I although step
three and four are further expanded here. The tasks to complete the remaining steps
are described in section 4.1.
A diagram of the different parts of the research is shown in Figure 15.
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To fulfil task three, the options considered were landfill and traditional methods of 
energy generation in buildings, e.g. electricity from the grid and gas heating, as well as 
AD, gasification, pyrolysis and incineration. While investigating EfW technologies, it 
was found necessary to estimate residual operational waste quantities and 
composition from different types of buildings to assess their feasibility. To address this 
need, the WET was created.
Task four was also approached during the technology review. The technology criteria 
to be incorporated in the DST have been defined. However, the economic and 
environmental criteria are not fully selected. Section 4.1 outlines how this will be 
achieved.
In parallel with the previous tasks, drivers for the integration, information on relevant 
frameworks and the current EfW situation within the UK have been compiled as 
reflected in section 2.1.
3.1 Waste estimation tooi
BeigI (2007) recognises the need to have waste data, i.e. quantity as weight and 
composition as percentage, for planning waste infrastructures. BeigI also recognises 
the difficulty of gathering it because it cannot be measured directly as is originated 
and treated in multiple streams.
Once a project is fully designed complex modifications are difficult so integrating EfW 
should be considered at the early stages of a building development. A similar 
approach to that used in industry to early estimate energy demands in buildings 
projects was thought to be appropriate for waste. Such approach had already been 
used by other waste consultancies (SLR Consulting Ltd., 2006) and suggested in 
published guidance (ICE et al., 2005a). Energy demand is estimated by multiplying
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floor areas, usually the only information available at early development stages, by the 
CIBSE (2004) and BSRIA (Pennycook, 2003) rules of thumb and benchmarks..
MSW and C&i data is available at aggregated, i.e. regional, levels (of. Figure 8 and 
Figure 9). In the surveys, detailed information on individual business floor areas is not 
available so random samples cannot be obtained using area as an independent 
variable. However, they can be obtained using number of employees although the 
statistical distribution is more complex (Leach et al., 2002). Consequently, 
benchmarks are not available in the ideal format of kg/mVyear and need 
transformation as suggested by ICE (2005a). This can be done with published 
employee/area ratios (Arup, 2001; IGF, 2002; ICE et al., 2005a). At smaller scales, 
household level breakdowns are published (Jones et al., 2007) but detailed C&I waste 
benchmarks are scarce (Hogan et al., 2004; Cascadia Consulting, 2006) and usually 
referred to number of employees.
Most published waste composition information can often be summarised in six 
general streams: paper/cardboard, metal, glass, plastic, putrescible and other. This 
classification is simple whilst allowing assessing the suitability of waste for recycling 
or for biological or thermal EfW treatments.
The estimation methodology is very similar to that published by ICE (2005a). It was 
implemented in a spreadsheet, shown in Figure 16, and named Waste Estimation Tool 
(WET). It consists of an input/output worksheet plus a database. Available inputs such 
as type of building, e.g. office, location, floor area plus conversion factors, e.g. 
employee/area ratios, are entered. Based on these, information is gathered from an 
updatable database where waste benchmarks and composition for different buildings 
and locations are kept as shown in next figure. Thanks to collaboration in projects and 
research, multiple sources of information have been incorporated into the database 
(of. appendix V). Results are presented in the input/output worksheet in a format ready 
to be incorporated into the DST.
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The accuracy of the figures incorporated in the WET cannot be fully assessed because 
some of the sources do not publish the methodology or confidence intervals. 
Therefore, as recognised by the ED, estimations will be an “imprecise exercise” 
(European Commission, 2005 p. 20). Additionally, they may be affected by internal, i.e. 
waste generation habits, or external, i.e. recycling increase, temporary changes further 
complicating forecasting. Therefore, these figures should be subject to sensitivity 
analysis in the proposed research validation phase to explore how they may affect the 
results of the DST. Nonetheless, relative agreement has been found in estimated 
figures and those reported by different business during the visits described in section 
3.3.
The capability of estimating the waste produced by a development and incorporating 
it into a specific waste strategy for the development has improved the sponsoring 
company service portfolio.
3.2 Decision support tooi
Previous sections framed the research, chose the type of tool to approach it and 
described the options to appraise. Further justification for selecting DST as an 
appropriate tool and its structure are presented here as well as the criteria to be used.
DSTs based on MCDA have the following characteristics (Janssen, 1994; Elghali, 
2002; Wrisberg et ai, 2002):
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Can address complex multi-disciplinary problem;
Can treat many relevant variables and constraints;
Can integrate various specialised sources of information;
Can cope with a relative lack of information;
Can consider quantitative data, qualitative opinions and weighting;
Can present a ranking of options; and
Its results can be subject to sensitivity analysis.
All of these are required in this research. Furthermore, previous utilisation of DST 
waste management activities (Barlishen et al., 1996; Murphy et al., 2004; Longden et 
al., 2007) supports the selection of DST for this research.
The DST consists of two phases. The first phase will act as a screening phase for the 
different EfW technologies. Firstly, based on the WET estimations of quantity and 
composition for a given building development, amounts of the appropriate type of 
waste for each EfW technology will be forecasted. Those will be compared with 
limiting criteria, e.g. minimum economic throughput. Therefore, if quantities are above 
the minimum for a technology, it will be considered in the second phase.
The second phase is a proper MCDA tool that will assess economic and 
environmental criteria of the remaining EfW options against landfill and traditional 
energy generation methods and present the results. In order to cover simultaneously 
the economic and environmental aspects without relying on the controversial 
monetization of environmental assets (Driesen, 2006) the environmental and economic 
aspects will be appraised with specialised tools in the DST (Wrisberg etal., 2002).
The DST is intended to help in technology selection hence, analytical tools that “model 
the system in a quantitative or qualitative way aiming at providing technical 
information for a better decision” (Wrisberg et al., 2002 p.38) are preferred over 
procedural tools that guide the decision process. Moreover, to be suitable for this 
research, tools need to incorporate life cycle thinking (McDougall, 2001) and provide 
scores for the selected criteria. The selection the most appropriate tools considering 
these aspects is discussed in section 4.1.
The technology review (cf. appendix I) has established the minimum throughput for 
economic operation, the most suitable feedstock for each technology and its typical 
CV as Table 1 summarises. In the DST, the first two are limiting criteria, i.e. if they are 
not available, the technology will not be considered.
Technology
Minimum 
throughput 
(tonnes per 
annum)
Suitable fuel Calorific value (MJ/kg)
Anaerobic digestion 5,000
Organic waste free of 
plastics and other 
contaminants.
N/A
Gasification/Pyrolysis 30,000 Homogeneous pre- 12-16 MJ/kg
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processed waste, e.g. RDF.
Incineration 60,000 Most wastes. 10 MJ/kg
T a b le  1 . E fW  te c h n o lo g y  m in im u m  th ro u g h p u t, s u ita b le  fu e l a n d  C V .
Table 2 presents an average gross electricity output benchmark, plant minimum 
footprint and how proven each technology is in the UK. The former will be used in 
economic calculation whereas minimum footprint is another limiting criterion. 
Proveness is a qualitative criterion. Heating benchmarks are not provided because 
they are not usually published and depend on how electricity is produced.
Technology Electricity(kWh/tonne)
Plant minimum 
footprint (m^ ) Proven in the UK
Anaerobic
digestion 200
3,000 Limited commercial operation.
Gasification/
Pyrolysis
600 6,000 Pilot scale only.
Incineration 500 20,000 Yes.
T a b le  2 . T e c h n o lo g y  e le c tr ic ity  b e n c h m a rk s , p la n t fo o tp r in t  a n d  p ro v e n e s s  in U K .
Work carried out in the economic and environmental aspects of the problem has been 
mainly reviewing the literature, as reflected in section 2.5, and in the preliminary 
identification of the tools to carry out the assessment and the criteria to be appraised 
(of. section 4.1).
Technology criteria have just been mentioned. Regarding economic aspects, potential 
criteria are:
• Capital and operating costs, e.g. labour, fees, equipment.
• External costs, e.g. taxes, subsidies
• Inputs, outputs and by-products prices and markets
Compiled information about these criteria include the work by Tsilemou (2006) and 
DEFRA (2007c) on capital and operating costs similar to the report by Eunomia (2002). 
Current and forecasted landfill taxes (HM Treasury, 2006) and energy prices (DTI, 
2007a) have been researched and alternative markets and uses of by-products like 
digestate and bottom ash (CIWM, 2003) identified.
Environmental criteria will be the various impact categories generated by the LCA 
analysis. Additionally, data have been compiled on average emissions factors, i.e. kg 
COg/kWh and the apportion of GHG to heat and power in CHP plants (Pout et al., 
2005).
Section 4.1 outlines the work that will be carried on to finalise the proposed criteria list 
and the remaining task to complete the DST.
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3.3 Waste strategies, storage and coiiection
Using the knowledge gained while researching; in many of the projects undertaken at 
the sponsoring company, early guidance on waste management was provided. This 
was an addition to the Buro Happold services portfolio. It consisted of general 
description of waste management practices plus, an estimation of waste arisings 
using WET, a description of EfW technologies and a preliminary feasibility assessment 
of the most appropriate.
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Thanks to that work, it was realised that integration of waste management activities in 
building developments requires adequate storage spaces and collection methods. 
They affect waste generation, segregation and recycling activities hence potential EfW 
feedstock quantity and composition. This fact will be reflected in the drivers and 
barriers area of the research. In the meanwhile, site visits and contact with suppliers 
provided relevant information on waste storage, segregation and collection as shown 
in Figure 17.
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4 Objectives for next two years
In order to fully achieve this research’s aims, the following activities need to be carried 
out in the next two years:
• Tasks five to seven of the methodology proposed for DST listed in section 3 
and repeated here:
1. Problem definition;
2. Identification of the most appropriate methodology and tool to solve it;
3. Identification of options to be appraised; and
4. Identify the objectives and criteria for the appraisal.
5. Define the scoring options
6. Weighting of individual aspects
7. Validation and sensitivity analysis
• Analyse the evolution of the framework and its possible impact over the 
outputs of the DST
• List the drivers and barriers and propose methods to overcome the latter.
Details on how these will be fulfilled are presented in the next sub-sections and 
appendix IV shows a Gantt chart with the proposed timeline.
4.1 Decision support tool
Section 3.2 described ongoing work defining DST’s structure, options and criteria. 
However, steps five to eight of the proposed methodology have not been completed.
LOG is an analytical tool will be used in this research to study the economic aspects of 
the problem. Similarly, LCA is a widely accepted tool to study environmental aspects 
and specialised software packages exist for waste management such as WRATE 
(Environment Agency, 2007). It has been used in several occasions to assess waste 
management options (Murphy et al., 2004; Longden et al., 2007) and Reich (2005) has 
even used it in combination with LOG for waste management. The values obtained 
with these tools will help scoring the selected criteria. Further justification for these 
selections and a description of the tools is provided in the following sub-sections.
Weighting individual criteria will be the next task. However, this weighting exercise 
should not obscure information (Glift, 2006), e.g. by aggregation, but reflect the 
relevance of each topic for the stakeholders. Thanks to the underlying MGDA theory in 
the DST, this is possible. Moreover, the transparent process can even be iterative and 
will help to optimise the solution without hiding the trade-offs (Wrisberg et al., 2002). 
Once scaled, quantitative, i.e. costs, emissions, and qualitative data, e.g. personal 
opinions, can have weights assigned recognising their relative importance mirroring 
stakeholders’ preferences (DTLR, 2000).
After weighting, DST results will be presented as a ranking of feasible EfW 
technologies to be integrated within a building development, which will operate 
economically under current conditions and whose economic and environmental
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aspects are compared against traditional options. However, simply doing that is not 
acceptable for the type of decision being taken (Clift, 2006). Additional information on 
how each technology performs in each of the criteria needs to be presented as well as 
the weight given to each criterion. Only by this, results can be considered 
transparently and any trade-offs explicitly examined. These results will allow DST 
users to take more informed decisions and justify them to external stakeholders, e.g. 
public opinion.
Finaliy, results need to be validated. Another capability of MCDA theory is that it can 
handle uncertainty. By considering data with a range of uncertainty, results can be 
validated using sensitivity analysis. Additionally, assigned weights can also be subject 
to it. This procedure will ensure the robustness of the DST results. More details of this 
task are provided in section 4.1.4.
As a summary, in order to fully complete the actions outlined above, the following 
remaining tasks are required:
• Complete the criteria required to explore under the technical, economic and 
environmental aspects.
• Find or create an economic life cycle model of the selected EfW technologies, 
landfiil and traditional energy generation capable of integrating the economic 
criteria identified.
• Identify the most appropriate LCA software to carried out the environmental 
analysis and assess the feasibility of its integration within the model.
• Explore how to score data from the tools on the different criteria
• Investigate how to assign weights to each criterion.
• Build/integrate the two-phase model. The WET outputs, i.e. waste quantities 
and composition, will be the input to the technology screening process. The 
second phase will use information from the economic and environmental 
analysis and apply scoring and weighting.
• Find the most appropriate format to present results, e.g. tables, comparative 
graphs.
• Validate the results for coherency and explore possible variations using 
sensitivity analysis.
Suitable projects at the sponsoring company will be used as case studies to 
accomplish these tasks. In total, these tasks are scheduled to last one year and three 
months with a more detailed breakdown of each individual task in the next 
subsections.
4.1.1 Economic analysis
Traditionally, policy decisions involving the environment have used cost benefit 
analysis (CBA) in regulatory impact assessments (DTLR, 2000). However, CBA lacks 
the required consideration for the whole life cycle of a project (Giampietro et al., 2006). 
Additionally, the need to put monetary costs on environmental assets, i.e.
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monetization, and the lack of agreement on their pricing (Driesen, 2006) meant CBA 
not being further considered.
On the other hand, LCC “ looks at the complete life-span of a product to calculate 
whole life costs” (Wrisberg et al., 2002 p. 54). LCC is an analytical tool that 
incorporates life cycle thinking and can contemplate current and future capital and 
operating costs as well as revenues. Moreover, it can generate traditional economic 
indicators such as net present value (NPV) and internal rate of return (IRR). Finally, its 
applicability to economic analysis of EfW and landfill projects, suggested by 
(Finnveden et al., 2007), is demonstrated by the work of Reich (2005). It is also 
recognised that LCC has some limitations, particularly when used in an environmental 
context (Gluch et al., 2004). These limitations are compensated in this research by 
using LCA for the environment aspects and considering only a financial LCC as 
defined by Reich (2005). Therefore, LCC is the tool chosen in this research for the 
economic analysis. No software package is known to be specialised in LCC and waste 
management hence a customised spreadsheet will be used.
A detailed study of the economic aspects of EfW technologies, landfilling and 
associated markets will be carried out in the first six months after the viva. During the 
first two months, the relevant inputs, outputs and their prices as well as subsidies, 
taxes, etc. will be identified. Gathered information will be compared for consistency 
and if possible obtained directly from relevant parties. The model will be built up, 
tested with case studies in three months, and validated within another month. The 
detailed breakdown of tasks includes:
• Identify each of the economic criteria to be considered for each of the 
technologies. The report produced by Eunomia (2002) on waste management 
in different countries of the EL) can be used as guidance.
• Build up the cost model in a spreadsheet linked with the WET results.
• Define the scoring method.
• Application and validation of the model with suitable case studies.
Most of the criteria are expected to be quantitative. Hence, scoring will be relative by 
assigning 100 to the highest possible result and 0 to the lower with the rest 
proportionally scored following DTLR guidelines (2000).
The potential uncertainty of used figures and their evolution will be investigated and 
the likely impacts assessed using sensitivity analysis (cf. section 4.2). For example, the 
energy white paper revision (DTI, 2007a) quotes in its cost models uncertainties of up 
to 40% in 2020, with total policy uncertainty for existing and proposed measures is 
estimated to be some 28%, fuel price contributes 21%, and the impact of carbon 
trading around 10%.
Some of the documents identified in the preliminary literature review contain 
information already used in some project work and will be incorporated in the DST 
economic analysis. Figure 18 shows gate fees and capital costs for the UK as 
published by DEFRA (2007c). Interestingly, they reflect lower prices than previous
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studies (DEFRA, 2006g) showing the variability of the factors considered. Tsilemou 
(2006) has published cost information for AD and incineration, although not for 
gasification nor for pyrolysis, based on a review of multiple European facilities. Both 
sources present the same tendencies because of economies of scale although they 
are not fully comparable because they incorporate different items in the generic 
definitions of gate fees and capital and operating costs. Therefore, before using them, 
gathered information will be checked for consistency to one another.
EfW technology 
Capital and Operating costs
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4.1.2 Environmental analysis
LCA is described in the ISO 14000 family (ISO, 1997) and it can be used to inform 
waste management process selection and design (Clift et al., 2000). LCA is one of the 
most widely accepted and used analytical tools for evaluating environmental aspects 
under a life cycle perspective (Finnveden at a!., 2007). A standalone LCA usually 
consists of an inputs and outputs inventory phase, an evaluation phase of their 
potential environmental effects and an interpretation of the results. In this research, 
the last two will be integrated within the DST scoring and weighting phases.
There are several specialist LCA software packages specialised in waste management 
that can be used to compare between EfW technologies and landfill on environmental 
terms. Some are WRATE (Environment Agency, 2007) in the UK, Easewaste in 
Denmark (Christensen at a!., 2007), MSW-DST (Thorneloe at a!., 2007) in the USA and
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two more, MIMES and OR WARE, in Sweden (Eriksson etal., 2003). Additionally, there 
are other LCA software packages that although not specialised in waste management 
contain information about waste management processes that could be used in the 
research such as SimaPro (Product Ecology Consultant, 2007) and Gabi (PE 
International, 2007). Considering LCA suitability for environmental analysis and the 
existence of specialised software, LCA is the tool chosen in this research for the 
environmental analysis.
Environmental and strategic impact assessments could have been used to evaluate 
environmental aspects (Finnveden et al., 2007). However, both are procedural rather 
than analytical methods and do not tend to consider technicai details (Wrisberg et al., 
2002), therefore were discarded. The former is a necessary part of the iicensing of 
large waste facilities hence required at a iater stage of a project and once the location 
is fixed. The latter is intended to be used eariier in the decision-making process but its 
use is stiil iimited.
The first environmentai analysis task is to identify an adaptable generic or specific 
waste management LCA software. One requirement is that it shouid contain 
information on generic EfW technoiogies and iandfill because detailed technology 
selection wili not happen until later stages. WRATE (Environment Agency, 2007), 
because of its particularity for the UK, is iikely to be the chosen software. In two 
weeks after the completion of the economic anaiysis, the adequacy and limitations of 
the chosen software wiii be assessed.
The second task wiil define the system to investigate, e.g. time-span, activities 
included, front and background system boundaries, and modei the processes to 
analyse. After that, a case study will be investigated using the software. This will help 
to gain practice with the program. Software tutorials and possibly some external 
training may be required at this stage. Around three months wili be required to fuifil 
this task.
LCA impact categories, e.g. giobal warming, wili be the environmentai criteria 
assessed. Profu (2004) suggests that GHG emissions, mainly COg and CH4, are likely 
to be the largest EfW environmental impacts.
Scoring of these criteria wili be implemented similarly to the economic anaiysis hence 
only two weeks will be required.
In total, it is envisaged that the environmental analysis will take around four months 
thanks to the availability of LCA software.
4.1.3 Weighting
In this phase of the MCDA, weights wili be assigned to each individuai criterion. Not all 
criteria are equaiiy important to the tool users and stakeholders. Therefore, weighting 
is an appropriate method to reflect the significance piaced by them in each criterion 
(DTLR, 2000).
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It can be envisaged that pushed by legislation, market forces, etc. some deveiopers 
may place more emphasis on environmentai aspects. On the contrary, others may 
consider costs more important, or technicai constraints, e.g. land availability, may 
greatiy infiuence the decision. Therefore, weights will reflect stakeholder's particular 
preferences for each project. Accordingly, weights wiil be discussed to ensure a 
proper understanding of the procedure and a fair implementation in meetings for each 
project.
One weighting technique that may be used is “swing weighting” by the DTLR (2000 
section 6.2.10). It consists of users assigning weights based on “the most and least 
preferred option and how much they care about the difference”. In doing that, “weight 
on a criterion reflects both the range of difference of the options, and how much that 
difference matters.” A fixed amount of weighting points is aiiocated between ali 
criteria. Higher weights are assigned to the criteria considered most important and 
lower to the least important. The combined scoring and weighting method ensures 
that absoiute values do not distort the results whilst reflecting relative importance.
Other weighting methods to DTLR’s “swing weighting” may be expiored in the future 
for alternatives if it is necessary or its implementation presents complications.
Weights wiii be vaiidated for consistency. For exampie by comparing weights 
assigned to pairs of criteria and checking if they still reflect general users’ opinions.
Weights couid be used to produce a singie ranking of options, however, that wiil 
aggregate information and the trade-offs between different criteria wiii not be evident 
(Ciift, 2006). In order to avoid obscuring information, weights wili also be presented 
with the scores of the criteria.
Three months have been deemed necessary to compiete this task although it wiii 
overlap with the validation phase.
4.1.4 Validation
Model validation is required to ensure the correctness of the model in representing 
reality (Bariishen et al., 1996).This is particulariy necessary in this research where most 
of the sources of information used are from published reports rather than direct data 
collection. As Barlishen suggests, sensitivity anaiysis is one of the tools that can 
explore the influence of individual variables in the model, hence indicating which 
criterion affects more the resuits. Sensitivity anaiysis can also be used for evolution 
analysis, i.e. it can indicate final users what changes can be expected in the results 
should the framework evolve (of. section 4.2).
Because of the model complexity, WET wiii be vaiidated as an independent tool 
separately from the DST. Ranges of waste generation and percentages of composition 
wili be incorporated in the tooi to ascertain how results may change.
EngD Dissertation______________________________ Volume III_________________________ Page 261
The following DST components need to be validatecj;
• Individual criteria values;
• Scoring; and
• Weighting.
Apart from the individual validation steps in each tool and phase described in previous 
sections, these components wiii be subject to a sensitivity analysis to investigate their 
effects in the solutions.
The validation process can also be carried out using back-casting case studies, i.e. 
existing deveiopments can be simuiated to compare resuits with actual information to 
ensure robustness. Approximately three months will be devoted to this task.
4.2 Evolution
With all the criteria scored and weighted, the DST wiii be useful providing guidance 
about EfW technologies in the current market situation. However, resuits will not be 
universally and permanently valid. They wili be applicabie to the given building 
development and considering the current motivations and drivers of the stakeholders, 
waste generation habits and recycling trends, energy and resources market situation, 
technology evolution as weii as the legislative drivers and barriers for EfW. However, 
most of these aspects are not static. Typical EfW project lifespans are around twenty 
to thirty years; consequently, forecast is required to future-proof the project.
Previous studies have described the growing uncertainties of iong-term forecasting 
(Gluch et al., 2004; Shmelev et al., 2006). They suggest that uncertainty can be 
reduced with a proper identification of variabies subject to change and tools like 
sensitivity analysis.
Some of the potential changes of the relevant variables can be easily identified or 
modelled, e.g. landfill tax evolution, because they have been set up by the Chancelier 
in the budget (HM Treasury, 2006). Others however, are more difficult to predict 
although some research has already been done on them, e.g. energy prices (DTI, 
2007a) and recycling trends (DEFRA, 2007c). One particuiar example is capital and 
operating costs of EfW facilities. DEFRA estimated these figures in two consecutive 
years and the results show a reduction (of. 4.1.1). Published information will be used 
to assess long-term impacts. Finaliy, the evoiution of other aspects is very difficult to 
forecast, e.g. major technology breakthroughs, scientific discoveries, unpredicted 
iegislative changes and consequently very complicated to consider in the model. 
Nonetheless, attendance at relevant conferences, e.g. annual conference of the 
Chartered Institution of Waste Management (CIWM), relevant trade journals review, 
etc. allow a fast developing market to be envisaged although not major changes in any 
of the technoiogies or iegisiation.
During the remaining year untii the DST is completed, some of these possible changes 
in the technological, economic and legisiative aspects wili be identified. Their infiuence
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on DST results will be explored with sensitivity anaiysis of the corresponding criteria, 
e.g. energy prices, taxes, reduction of residual waste. Firstly, the maximum ranges of 
variation in percentage will be set. Then, individual and combined variations will be 
applied to see how the original DST results are changed. Finally, the results will be 
used as one of the starting points in the discussion of the current drivers and barriers 
for EfW. Three months have been assigned to wrap up this task.
4.3 Barriers
Throughout this research, EfW drivers and barriers have been identified. In a final task 
to fulfil one of the main aims of the research, drivers wiii be listed to encourage the 
integration of EfW within building developments and changes proposed to overcome 
the barriers. Aithough this task wili be completed towards the end of the research, it 
will be based on previous work as some of the drivers have already been listed (of, 
section 2.1) and a number of barriers identified.
One of the biggest barriers in the UK is social opposition (FoE, 2002). This is true to 
any form of waste management activity but particuiarly with incinerators regarding 
dioxin emissions and conflicts with recycling. However, other countries iike France 
and Denmark have nice examples of integration of EfW within building developments. 
In this research, it is recognised that this aspect cannot be overiooked. However, 
given the large literature on the topic and being social aspects in the DST domain of 
infiuence rather than application, this research intends to contribute to ease the 
problem by providing adequate and relevant information for an informed debate rather 
than exploring its causes and soiutions.
Planning is also a huge barrier (Rice, 2007) that is trying to be reduced through 
government guidance (ODPM, 2004; 2005; Scottish Executive, 2007). Opposition can 
be expected in public consultations for waste facilities, particularly incineration, 
causing deiays. Probiems aiso arise because of different visions or interests such in 
the Belvedere incinerator in London (Coyne, 2006).
The planning white paper by DCLG (2007) proposes reforming the planning system for 
nationally significant infrastructure projects (NSIPs) including waste. It identifies 
certain barriers such as absence of a ciear policy framework, badly prepared 
applications, too many different development consent regimes, a slow and inefficient 
inquiry process, and a two-stage decision process. Overaii, it proposes to streamline 
the pianning process although some concrete measures are proposed (Rice, 2007):
• Creating national policy statements defining the NISPs for key sectors;
• Additional requirements for appiications so that they have to be prepared to a 
defined standard before being considered; and
• Create an Infrastructure Planning Commission that will oversee waste 
infrastructure proposais above prescribed limits.
Regarding technologicai and environmentai aspects, the main problem is the lack of 
small enough equipment to demonstrate the possibility for plants to operate within
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legal emissions levels economically. In addition, if emissions iimits are reduced like in 
the past, expensive refurbishments may be necessary. During the technological 
analysis of each technology, a Strength, Weaknesses, Opportunities and Threats 
(SWOT) analysis was carried out highiighting some of the barriers for the introduction 
of EfW within the buiit environment whereas the opportunities show potential ways of 
overcoming them. The conciusions wili be summarised in this part of the research.
Economic aspects like secure and constant feedstock supply, stable markets for the 
outputs and competition with recyciing represent economic barriers. Additionally, the 
lack of a heat market cuts one of the possible income strings of the plant. 
Consequently, smaller facilities properiy integrated with building developments that 
could use or sell the produced heat and power, may be a better alternative to iarge 
regional plants. However, small plants suffer from higher capital and operating costs 
and therefore are more expensive to operate (Tsilemou et al., 2006).
Legal and economical stability is aiso a problem. Long-term contracts in a framework 
that can change reduce the bankabiiity of projects and consequently the possibility of 
them happening.
Preliminary work carried out during the past two years that has identified the 
presented drivers and barriers will be refined in the future. Moreover, attendance at 
international conferences will allow learning from overseas experience and draw 
measures to overcome barriers in the UK. However, a finai compiiation of all these 
barriers and proposing changes to overcome them is forecasted to last around three 
months in the iast year of research. Changes proposed to overcome the barriers can 
be tested with the DST to assess their impacts on the results.
5 Publications___________________________________
This section presents the pians to publish articies in peer-reviewed journal papers. 
Current publications include the poster for the EngD conference that can be found in 
appendix III and a collaboration for the web of Urban Mines (Izquierdo, 2007).
The first article intended to be pubiished wili describe the WET how it can be used to 
assess the feasibility of integrating EfW within building developments. It will present 
the methodology to estimate waste from a mixed used deveiopment as weii as the 
required inputs and the generated outputs that could be used in the DST. As found in 
the research, the article will reflect the lack of published waste data on particular 
commercial and industrial buildings. Furthermore, the article will describe the need of 
proxy variabies and the required quality of the benchmarks pubiished to generate 
useful accurate waste estimation figures. To conclude, the methodology will be used 
in a case study using University of Surrey waste information to estimate waste arisings 
from a future extension and assess the possibility of EfW for the University. A draft has 
already been presented to the supervisors and it is being further developed with the 
intention of pubiishing the article before the end of 2008. In order to finish the paper.
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another two weeks of work are expected. The targeted journal for publication is the 
CIWM official journal named Communication in Waste and Resource Management.
The second journal article will describe how the DST can be used by consulting 
engineers, planners and developers to assess the feasibility of integrating EfW within 
building developments in conjunction with the WET. The proposed modular approach 
and how the technological, environmental and economic aspects are individually 
assessed plus how they are integrated will be described. According to the plan 
outlined in the following sections, the paper will be published in one of the relevant 
journals of the field like Waste Management or Waste Management and Research. The 
envisaged deadline to submit the paper will be the end of the 2008. In order to write 
the article, one month is considered appropriate to collate all the relevant information, 
write the draft, receive some feedback and submit it.
However, depending on the evolution and the relevance of the findings of the EngD, 
papers on the following topics can also be considered:
• Individual description of EfW technologies’ technical, environmental and 
economic analysis and comparison with other waste management practices;
• Perceived drivers and barriers for EfW and its integration within the built 
environment
• Evolution of the existing frameworks, e.g. legislative, economic, affecting EfW.
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Appendix XVI. 30 month progress report 
1 Executive Summary_____________________________
This report presents the progress towards the final research aim in the last six months. 
It reports on the objectives set up in previous six-month reports and the second year 
viva panel's requirements. Particularly for this semester they were;
• Modify the waste estimation tool (WET) to present data in ranges and averages 
rather than exact values; and
• Carry out and finish an economic analysis using Life Cycle Costing (LCC) of the 
different Energy from Waste (EfW) technologies.
The first objective can be considered achieved whereas the second one has not been 
fulfiiied yet because of the extra difficulties and complexities that arose during the 
analysis and in particular the data gathering stage.
Section 2.1 describes how new results from two waste audits have been incorporated 
in the WET and how the waste quantities and composition estimates are now 
presented as ranges rather than exact values as before.
Despite not having finished the economic analysis, section 2.2 shows the progress on 
it, particularly in identifying and classifying data and their sources. It also presents the 
limitations of the proposed model, which are mainly due to lack of data. The economic 
flows in and out of an EfW plant are classified into: revenues, subsidies, capital and 
operational costs each dealt in a different sub-section. In these, the past, current and 
future evolution of each economic flow is studied. For example, past and current 
capital costs data are represented with best-fit lines and confidence intervals. These 
will be incorporated in the spreadsheet model that will be used to carry out the 
economic analysis under a LCC perspective.
The drivers and barriers for integrating EfW within the buiit environment were 
scheduled to be studied in a future stage. However, section 2.3 reports that thanks to 
one of the projects where Buro Happold is involved, meetings with relevant 
stakeholders have already taken place. Nonetheless, the findings are not reflected in 
this report but will be incorporated when originally planned as reflected in the updated 
research Gantt chart (cf. appendix V).
Section 3 sets the objectives for the next six months of the research. They are:
• Finish the data gathering process on the different revenues, subsidies, capital 
and operational costs for the different technologies and incorporate them in 
the spreadsheet model.
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• Build up a scoring model for the selected economic criteria so that alternative 
technologies can be compared.
• Acquire the WRATE software and attend its training sessions.
• Use WRATE to carry out environmental analysis of appropriate projects
• Build up a scoring model for WRATE impact categories.
• Finish and submit the whoie paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
A final section reflects the publications created during the last six months. They range 
from a paper for the 2008 EngD conference to some documents internal to Buro 
Happold on waste capabilities and reporting on a visit to an integrated waste 
management facility (“Ecoparque”) in Barcelona.
2 Progress to date________________________________
This section describes the progress to date towards the objectives set up in previous 
six monthly reports that were in line with the main research aims as well as 
considering the second year viva panel's requirements. The objectives were:
• Modify the waste estimation tool (WET) to present data in ranges and averages 
rather than exact values; and
• Carry out and finish an economic analysis using Life Cycle Costing (LCC) of the 
different Energy from Waste (EfW) technologies.
The first objective can be considered achieved whereas the second one has not been 
fulfilled yet because of the extra difficulties and complexities that arose during the 
analysis and in particular the data gathering stage.
2.1 Waste Estimation Too/ (WET)
A requirement from the viva was to edit the Waste Estimation Tool (WET) results 
presentation. In particular, to present a range rather than a unique value of waste 
quantities and composition. This will reflect the uncertainty in the procedure to obtain 
them, the fact that they are usualiy applied to similar although not equal buildings to 
those from where they were obtained, the variability in future usage and generation, 
etc.
This has been done by using average values and confidence levels at 95% for 
quantities and composition. Results will be presented in ranges similar to the example 
below. Waste data and composition from education facilities in the UK and Ireland are 
presented together with their averages and 95% confidence intervals as shown in 
Figure 1 and Figure 2.
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As part of the commitment to improve the waste data used in the WET, two waste 
audits were carried out during the last six months. The first audit was thanks to a Buro
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Happold project in a combined secondary and further education college and the 
second involved one of Buro Happold offices. In both cases, the location was central 
London.
The following graphs show some of the results of the audit in the Buro Happold office 
like number of bags collected and total weight. Interesting patterns were discovered in 
the daily waste arisings such as higher number of bags on Mondays, perhaps after the 
clean-up of the weekend, within a relatively stable residual waste generation and a 
more variable generation of recyclable materials. Despite all precautions taken to 
ensure the selection of a “business as usual” week a spike can be observed on 
Thursday recyclables due to one of the departments clearing up their shelves.
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8 0 .0 0
D)m
6 0 .0 0
4 0 .0 0
20.00
0.00
D a ily  w e ig h t  c o l le c te d  f r o m  b a g s
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F ig u re  3 . D a ily  w e ig h t  c o lle c te d  in o ff ic e  w a s te  a u d it
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With a sampling rate of 100%, i.e. every bag was audited, in total, more than 250 kg of 
recyclable materials and another 250 kg of residual waste were audited. When 
combined with the other waste streams, around 564 kg of waste, equivalent to more 
than 29 tonnes per annum of waste, are generated every week with the composition 
shown in Figure 5.
Considering the number of employees in the office, the around 97 kg per employee 
per year generated is a low figure if compared with published benchmarks. These 
range from 496 kg per employee per year in the financial sector according to Waste 
watch (2004), a best practice figure of 200 kg quoted in the same report by Envirowise 
or a 300 kg per employee for California based offices (Cascadia Consulting, 2006). 
Possible reasons for this low waste generation rate may be an increased waste 
awareness or perhaps the lack of direct comparable benchmarks for the exact type of 
business carried out in the office and its location.
Figure 5 shows the distribution in percentage of weight of all the waste materials 
generated during a year in the office. These figures were extrapolated from the weekly 
audit results to the whole year but also incorporate yearly quantities from other waste 
streams such as waste electrical and electronic equipment (WEEE) and bulky waste.
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The streams above were aggregated into the generic categories used in the Waste 
Estimation Tool and compared with the average of the composition for the published 
benchmarks. Table 1 reflects a very good match between these sets of figures.
Average of 
benchmarks
Lower conf. 
interval (95%)
Upper conf. 
interval (95%)
Office audit 
results
Paper & Cardboard 67.1% 43.7% 90.5% 59%
Metal 2.2% 0.5% 3.8% 1%
Glass 1.8% 0.2% 3.5% 2%
Plastic 10.1% 6.0% 14.3% 9%
Food waste 14.0% 0.0% 30.2% 19%
Other 6.6% 3.5% 9.8% 10%
T a b le  1. C o m p a ris o n  o f a v e ra g e  w a s te  c o m p o s itio n  b e n c h m a rk s  w ith  o ff ic e  a u d it re s u lts .
The obtained set of figures will be integrated as another result in the Waste Estimation 
Tool and used for future reference.
Additional empirical data can be added to WET if Buro Happold gets involved in 
suitable projects where waste audits could be carried out. Alternatively, some 
contacts have been provided by the supervisors to explore other sources of empirical 
waste data. These will be explored during the next six months.
EngD Dissertation______________________________ Volume III_________________________ Page 283
2.2 Economic analysis
According to the plan presented during the viva, the economic report using life cycle 
costing was due to be concluded during the six months immediately after it. However, 
the complexity of the analysis has delayed its conclusion.
Nevertheless, some progress has been done in this aspect, particularly in identifying 
the data requirements and the sources of it. Gathered data is being arranged into a 
spreadsheet that will eventually become the detailed economic analysis tool.
Under LCC principles, all economic information related to the different EfW 
technologies is incorporated into the spreadsheet model. This approach allows 
calculation of traditional economic indicators, such as net present value, when 
considering revenues and costs over the whole life of the project that will be used as 
criteria in the Decision Support Tool (DST).
According to the LOG approach, all costs related to the waste facility should be 
contemplated, from purchasing the land, obtaining the required permits, designing the 
facility, building, commissioning and operating it and finally decommissioning. 
Nevertheless, cost information on some of these activities is scarce and other similar 
studies (SLR Consulting Ltd., 2008) limit the scope of application of LOG. In this 
research, the following limitations address the lack of data without compromising the 
results. The assumptions are:
• Land purchasing costs are not considered. The tool is intended to consider 
only one site hence excluding land costs will affect all technologies similarly. 
For developers, likely to be the DST users most concerned about land 
purchasing costs, it is envisaged that it will already own the land. For other 
users, e.g. authorities and consultants, the tool will still provide an even 
comparison without considering land costs.
• The decommissioning costs are also excluded. The provision of waste 
treatment facilities is dealt in London Plan (GLA, 2008), particularly policy 
Policy 4A.22. The plan states that existing facilities should be safewarded, i.e. 
not being decommissioned at the end of their lives but upgraded. Assuming 
that this will be the case for the whole of the UK, and for all the facilities 
assessed with the DST, there will not be decommissioning costs but upgrade 
costs for the future facility. Indicatively, the Dundee incineration plant 
decommissioning costs were budgeted at around £450,000 and finalised at 
£575,000 (Dundee Gity Gouncil, 2002).
Plant life expectancy is one of the first aspects that need to be fixed. The review of 
plants and other economic analysis suggests that a lifetime of around 20 to 30 years 
(AEA Technology, 2007; Ernest and Young, 2007). The latter will be used in the 
analysis although the model will allow for flexibility in this aspect.
The economic flows of any EfW facility that affect its economic viability can be 
classified into four categories:
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• Revenues. Obtained by gate fees, selling heat and electricity as well as other 
by-products such as recovered materials, digestate, bottom ash, etc. Prices 
are driven by availability of markets and competition within them.
• Subsidies. These extra revenues represent incentives set up by the legislation 
such as the Renewable Obligation Certificates in the UK.
• Capital costs. These are one-off costs such as the construction of the building 
and equipment acquisition, although repaid over the life of the project because 
they are usually financed as loans.
• Operational costs. These recurrent costs represent the day-to-day expenses of 
a plant.
The following table presents the sources of revenue and expenses for different 
technologies:
Anaerobic digestion Incineration Gasification/Pyrolysis
Revenues
• Electricity
• Heat
• Digestate
• Liquor
• Gate fee
• Electricity
• Heat
• Incinerator Bottom 
Ash (IBA)
• Recovered metals
• Gate fee
• Electricity
• Heat
• Slag
• Gate fee
Subsidies • ROCs• CCL exemption
• ROCs (if qualifies 
for Good Quality 
CHP)
• CCL exemption
• ROCs
• CCL exemption
Operation
expenses
• Financial costs
• Labour
• Maintenance of 
building
• Maintenance of 
equipment
• Operating 
materials 
Administration
• Landfill tax
• Financial costs
• Labour
• Maintenance of 
building
• Maintenance of 
equipment
• Operating 
materials
• Administration
• Landfill tax
• Financial costs
• Labour
• Maintenance of 
building
• Maintenance of 
equipment
• Operating 
materials
• Administration
• Landfill tax
Capital
expenses
• Land purchase
• Design and 
engineering fees
• Construction and 
commissioning
• Land purchase
• Design and 
engineering fees
• Construction and 
commissioning
• Land purchase
• Design and 
engineering fees
• Construction and 
commissioning
T a b le  2 . S o u rc e s  o f re v e n u e  a n d  e x p e n s e s  fo r  d if fe re n t E fW  te c h n o lo g ie s
EngD Dissertation Volume Page 285
2.2.1 Revenues
The main revenues for any EfW technology are the gate fees and selling electricity. 
Some facilities also sell heat. This section presents some values for these revenues 
although LCC requires forecasting values for these variables for the lifetime of the 
facility. This introduces uncertainty in the analysis and its effects will be explored with 
sensitivity analysis.
Electricity prices have been highly variable in the past and even more nowadays 
affected by financial instability. Further research is required in this area to be able to 
forecast the potential future evolution of electricity prices in the UK. Figure 6 shows 
historic electricity prices for retail consumers, currently around £10/MWh, and for 
industrial users, currently around £6/MWh.
Electricity prices in UK
1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
I Industrial ■  Retail
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Gate fees are the other main source of income for EfW plants. They depend on market 
conditions, e.g. competition in the local waste treatment market, but also on 
technology, plant throughput and age. For example, large or already amortized plants 
can compete in the waste treatment market with cheaper gate fees and so can well- 
established technologies that are also cheaper. Gate fees may include the profit 
sought by the company running the facility.
For incineration, an average gate fee value of £55/tonne is quoted by Ernest and 
Young (2007) and a figure of £79/MWh (equivalent to £40-47/tonne depending on the 
generation efficiency) for advanced thermal technologies is quoted by the DTI (2007a). 
Very little information is available on gate fees for AD facilities and or 
gasification/pyrolysis plants. However, the latest waste strategy for England (DEFRA, 
2007b), included indicative gate fees for different technologies and throughputs as 
reflected in Figure 7.
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Gate fees for EfW technologies
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Figure 8 presents the forecasted evolution of landfill gate fees according to Eunomia 
(2007). These are in agreement with other sources that present ranges of £12 to £30 
(AEA Technology, 2007).
Landfill gate fee evolution
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Heat is not usually sold due to the lack of an established market and distribution 
infrastructure. Only 4% of the total UK building floor area is served by district heating 
schemes (BERR, 2008a) and EfW schemes, e.g. Nottingham, supply just a fraction of
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it. Despite being uncommon in the UK it is mainstream in Northern and Easter Europe 
(BERR, 2008a).
In the supporting documents of the renewable heat obligation consultation (AEA 
Technology, 2005) heat is priced at EtO/MWh. For EfW schemes, some additional 
distribution infrastructure would be needed that might add £10-20/MWh to the cost of 
the heat produced, giving a total cost of £20-30/MWh.
Other revenue streams for an EfW facility are selling recyclable materials. However, 
prices for these, similarly to energy and subsidies, are highly variable and long term 
forecasting is extremely difficult.
Publications like “Materials Recycling Weekly” (www.rwminfo.com) or “Let’s recycle” 
(www.letsrecvcle.com) quote prices for different recyclable materials. For example, 
mixed glass at £14 to £16 per tonne delivered in March 08 and mixed plastic bottles at 
£80 to £130 per tonne. Figure 9 shows the variability of various denominations of 
ferrous material prices over the last year.
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These figures will be incorporated in the economic LCC model coupled with the 
facilities mass balances to estimate revenues by selling recyclable materials.
2.2.2 Subsidies
Renewable electricity generation is subsidised in the UK with through the Renewable 
Obligation Order (UK Parliament, 2007). Every electricity distributor needs to cover a 
certain percentage of its production with Renewable Obligation Certificates (ROCs) 
bought from renewable electricity generators. This measure encourages the 
production of renewable electricity by paying a premium on it.
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In the latest auctions of ROCs, prices of £47 to £49 were paid per MWh of renewable 
electricity (NFPA, 2008). A consultation on the modification of the current ROC system 
is well advanced. The main change proposed is the introduction of bands on the 
technologies that can claim ROCs. (DTI, 2007b)
Four bands are proposed:
• Technologies in the Established Band will receive 0.25 ROCs/MWh;
• Technologies in the Reference Band will receive 1 ROC/MWh;
• Technologies in the Post-Demonstration Band will receive 1.5 ROCs/MWh;
• Technologies in the Emerging Technologies Band will receive 2 ROCs/MWh.
Anaerobic digestion, pyrolysis and gasification are considered to be at a 
demonstration phase and hence are proposed to be in the emerging technologies 
band. Therefore, they may receive twice as much subsidies on the electricity they 
generate. Incineration with CHIP is considered a more mature technology and will be in 
the reference band hence subsidised with one ROC per MWh they produce. Subsidies 
are only granted to the renewable energy these technologies produce. By definition in 
the law, only the biomass fraction of the waste they use as feedstock produces 
renewable energy. This fraction is currently considered 68% and the banding 
consultation proposes a value of 65% of the weight of mixed municipal solid waste.
According to the consultation (DTI, 2007b), electricity only waste incinerators are 
driven by gate fee income and so do not need further support.
A parallel consultation is ongoing for a possible subsidy on renewable heat (BERR, 
2008b).
2.2.3 Capital costs
Figure 10 presents some of the data already collected on capital costs of different EfW 
technologies. Collected data is fitted to a line of best fit that minimises the distance 
between the data and the best-fit lane. It has been assumed that the best-fit line will 
be best represented by an equation of the form:
y  = a-x^
Where a and b are coefficients to be determined. This equation was chosen based on 
the expected economies of scale that are easily represented by this type of equation 
with b<1. Figure 10 presents some of the data already gathered as well as the best-fit 
lines for some of the cost data gathered for EfW technologies, their equations and the 
regression coefficients (R^ ) of their fit. An R^  value of 1 represents an identity fit 
whereas 0 represents a complete random distribution.
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Capital costs of different EfW technologies
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In general, economies of scale can be observed in capital costs (e.g. the b coefficients 
of the trend lines are lower than one) although not all components of a typical plant 
are subject to the same scale savings. A recent report by SLR (2008) presents a 
typical split of capital costs for an incineration plant: around 52% for waste handling, 
grate and boiler, 16% for the power generation equipment, 17% for the flue gas 
cleaning and the remaining 15% for the building and civil works. According to the 
same report, the repayment of these capital costs can account for between 30% and 
40% of an incineration plant operational cost with labour costs around 15% to 23%, 
maintenance between 15% and 25%, consumables 10% to 12% and disposal of 
residues between 11% and 15%.
Capital costs cannot be accurately estimated hence estimations will be presented with 
confidence intervals as shown in Figure 11.
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Incineration capital costs with 95% confidence intervals
E
w
Î
8
a
Q.
O
250
200
150
100
50
0
50000 100000 150000 200000 250000 300000 350000 400000 450000 5000000
T h ro u g p u t (to n n e s  p e r  a n n u m )
♦ Plant capital cost Estimated Est + Cl E S T - C l
F ig u re  11 . C a p ita l c o s ts  fo r  in c in e ra tio n  w ith  9 5 %  c o n fid e n c e  in te rv a ls .
2.2.4 Operational costs
Costs depend on the design and operation of a plant and many vendors and 
operators do not want to disclose these for commercial reasons. Moreover, quotes for 
a “generic” plant are likely to be more inaccurate than for a concrete tender where 
more details will be available and the possibility of a contract appeals the contractors. 
Cost information is being gathered from different sources (Environment Agency, 2006; 
Tsilemou and Panagiotakopoulos, 2006; DEFRA, 2007b; SLR Consulting Ltd., 2008) 
as well as relevant companies in the UK sector, e.g. Biffa, Veolia. Nonetheless, it is 
extremely difficult to obtain comparable data as other researchers have corroborated 
(Tsilemou and Panagiotakopoulos, 2006; SLR Consulting Ltd., 2008). In particular, 
operational costs are often quoted in many sources by gate fees. Despite being 
related, the latter depend on local competition, plant age, company profit, etc. as 
mention in section 2.2.1 and this misunderstanding distorts cost figures.
Similar to capital costs, operational costs will be estimated with best-fit lines and 
confidence intervals although this analysis is not finished yet. Therefore, further 
research will be carried out in this area in the next six months.
One of the costs that affect the economic feasibility of EfW plants is landfill tax. This 
tax was introduced to comply with European legislation (European Commission, 1999) 
that tried to divert biodegradable waste from landfills. Its increase is managed by the 
landfill tax escalator that is set up in the Chancellor’s Budget every year. Since 2007, 
the escalator is set at £8 per annum although before was only £3 as Figure 12 shows. 
The current escalator will be in place until 2010/11 when it to increase with inflation.
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This abrupt increase in the landfill tax has been one of the factors that has allow EfW 
technologies to become competitive with the, until now, cheapest option available: 
landfill.
Landfill tax evolution
F ig u re  12 . L a n d fill ta x  e v o lu tio n  (H M  T re a s u ry , 2 0 0 6 ).
2.3 Drivers and barriers
Buro Happold has been commissioned to do a study on the feasibility of supplying 
decentralised energy within London and EfW technologies are seen as potential 
sources of that energy. Therefore, some meetings were arranged with waste and 
utilities companies as well as other organization and consultancies involved in the 
energy from waste business.
Because the study schedule was externally imposed, it does not match with the 
proposed research schedule (see appendix V). Therefore, no conclusions of these 
meetings are incorporated in this report. However, the issues discussed during the 
meetings will be incorporated in the drivers and barrier section of this research in the 
future.
2.4 Other
During the past six months, the following modules were undertaken:
• Finance Module at Brunei University in October 2007
• Environmental Economics module during December 2007
The time devoted to preparing, attending and working on the assignment of these 
modules accounted for 4 weeks during the semester.
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For three days in November 2007, a visit to one of the exemplar “Ecoparque” in 
Barcelona was organised. These installations are an example of how waste 
management activities, and in particular EfW technologies, can be integrated within 
building developments. The “Ecoparque” consisted of a pneumatic collection systems 
that could collect waste segregated into two different fractions, a materials recycling 
facility where the recyclable fraction would be processed, an incineration plant to treat 
the residual fraction and finally the district heating and cooling central. This plant uses 
steam from the incinerator’s turbine to produce heat and cold water, in absorption 
chillers, that are then distributed throughout a district network. An internal article was 
written with a summary of the visit in the internal Buro Happold magazine and can be 
found in appendix I.
Thanks to the outcomes of this research, Buro Happold can now offer consultancy 
services on waste management issues and particularly, expertise in EfW technologies. 
This has been summarised in an internal presentation during a company meeting that 
took place in Cornwall in January 2008. The presentation is available as appendix IV.
Finally, two weeks were taken of holidays during the Christmas break.
3 Objective for next six months
This section describes the proposed objectives for the next six months that will help 
achieving the final research aims. The objectives take into account the delay on the 
economic model and are in line with the updated planning of the rest of the research 
agreed in the last supervisor meeting that is included as a Gantt chart in appendix V.
The main objectives are two: finish the economic analysis and use WRATE for the 
environmental analysis. For convenience, the following list presents a break down of 
these into specific tasks:
• Finish the data gathering process on the different revenues, subsidies, capital 
and operational costs for the different technologies and incorporate them in 
the spreadsheet model.
• Build up a scoring model for the selected economic criteria so that alternative 
technologies can be compared.
Acquire the WRATE software and attend its training sessions.
Use WRATE to carry out environmental analysis of appropriate projects 
Build up a scoring model for WRATE impact categories.
Finish and submit the whole paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
Other objectives are attending the CIWM 2008 conference in Paignton in June 2008 to 
present a poster as well as maintain and enlarge the contact network. The seminar
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sessions allow to be informed of the latest advances on waste management and 
particularly EfW technological, environmental and economical issues.
Alternatively, some contacts have been provided by the supervisors to explore other 
sources of empirical waste data. These will be explored during the next six months.
The progress towards achieving these tasks will be monitored in the supervisor 
meetings.
4 Publications_______________________________ ____
During the last six months, the following publications have been produced:
• Abstract and full paper for the EngD 2008 conference. The same abstract and 
a slightly modified version of the paper are intended to be submitted to be 
presented in the 2008 Venice conference. The paper focuses on the decision 
support tool, how it fits within the overall research context and how it can be 
used to asses the technical, economical and environmental integration of EfW 
technologies within the urban environment. See appendix II.
• Abstract for the peer-review journal Communications in Waste and Resources 
Management of the Chartered Institution of the Waste Management. See 
appendix III.
• Article for the internal communications journal of Buro Happold describing the 
site visit to Barcelona. See appendix I.
• Internal presentation on the waste capabilities of Buro Happold. This 
presentation is part of a strategy of growing and developing skills in the waste 
management area of expertise that was started with sponsoring this research. 
See appendix IV.
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Appendix XVII. 36 month progress report 
1 Executive summary_____________________________
In the thirty month report, two main objectives were specified for this semester, 
namely: finish the economic analysis and use “Waste and Resources Assessment Tool 
for the Environment” (WRATE) software for the environmental analysis. They were 
further broken down into specific tasks:
• Finish the data gathering process on the different revenues, subsidies, capital 
and operational costs for the different technologies and incorporate them in 
the spreadsheet model.
• Build up a scoring model for the selected economic criteria so that alternative 
technologies can be compared.
• Acquire the WRATE software and attend its training sessions.
• Use WRATE to carry out environmental analysis of appropriate projects
• Build up a scoring model for WRATE impact categories.
• Finish and submit the whole paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
The progress on those objectives is reported in section 2. Economic-related tasks with 
have almost been finished. Most of the environmental-related objectives have been 
achieved although the fully integration of the economic and environmental models will 
be completed in the next six months.
In particular, section 2.1 is an introduction to the economic model. However, it does 
not consist of a detailed description of the model with all the data sources, 
calculations, instruction manual, etc. Such document is currently being written and will 
be incorporated in the final dissertation.
Section 2.2 discourses about using WRATE software in the environmental model. 
During these six months, a standard version of the 1.0.1.0 version of the software was 
acquired as well as a one-day training session attended. Whilst using the software, 
some limitations have been identified. Nonetheless, some possible workarounds and 
preliminary results have also been produced showing the capabilities of the software 
and its relevance for this research.
Section 2.3 contains a brief description of a preliminary scoring and weighting model 
for the Multi Criteria Decision Analysis (MODA). The scoring model has not been fully 
built because the integration of the economic and environmental models has not been 
finished. Notwithstanding, the simple model was still useful to indicate how results 
could look like in the EngD conference and the CIWM poster.
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Sections 2.4 and 2.5 report on the conferences, papers and presentations done during 
this period. The objective to write a paper for the Communications in Waste and 
Resource Management journal has been postponed for the next semester because an 
abstract for the second “ International symposium on energy from biomass and 
waste”, taking place in Venice in November 2008, was accepted and the peer- 
reviewed paper and presentation needed to be written. Additionally a presentation 
was made at the EngD conference and a poster was presented at the Chartered 
Institution of Waste Management annual conference.
Another two sections, 2.6 and 2.7, present the site visits and projects carried out. 
There have been some very relevant projects during these six months where some 
parts of the research have been applied and improved whilst contributing to develop 
Buro Happold business. Moreover, a project in particular has explored the feasibility of 
an energy from waste (EfW) facility within London from the technical, economic and 
legislative points of view highlighting the drivers, barriers and associated risks. The 
results of a simplified version of the economic model were used and validated by an 
external consultant in the project. Project work has been complemented with visits to 
three waste treatment related facilities.
Finally, section 3 sets up the objectives for the next six months. These are:
Finish the integration of the economic model with the environmental analysis. 
Implement a full scoring and weighting system to present the integrated results 
of the MOD A.
Find a case study where the fully integrated model could be tested.
Carry out sensitivity analysis to identify the most significant parameters that 
affect the MODA results.
Present the accepted paper at the Venice 2008 symposium.
Progress the draft of the final dissertation adding contents to the already 
existing structure.
Finish and submit the whole paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
Develop further the risk and mitigation, i.e. drivers and barriers, section from 
the starting point of those in Error! Reference source not found.
2 Progress to date________________________________
This section describes the progress towards the objectives set up in the thirty-month 
report. They are in line with the overall research aims as stated in the second year 
dissertation. In particular, for these six months the objectives were to finish the 
economic analysis and to use WRATE for the environmental analysis. They were 
broken down into specific tasks:
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Finish the data gathering process on the different revenues, subsidies, capital 
and operational costs for the different technologies and incorporate them in 
the spreadsheet model.
Build up a scoring model for the selected economic criteria so that alternative 
technologies can be compared.
Acquire the WRATE software and attend its training sessions.
Use WRATE to carry out environmental analysis of appropriate projects 
Build up a scoring model for WRATE impact categories.
Finish and submit the whole paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
The following sub-sections describe the progress to date on these objectives, with 
special focus on the environmental and economic models. The activities such as 
conferences, papers and presentations, visits and project work are also described 
here.
2.1 Economic model
This section reports on the economic model, however, it does not consist of a detailed 
description of the model with all the data sources, calculations, instruction manual, 
etc. Such document is currently being written and will be incorporated in the final 
dissertation although it is introduced here.
2.1.1 Structure
The economic model is constructed using Life Cycle Costing and four types of 
economic flows have been considered as shown in Error! Reference source not 
found..
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• Gate fees
• Energy sales
• Recovered 
products sales
• Renewable 
Obligation 
Certificates (ROC)
• Climate Change 
Levy certificates
F ig u re  1. E c o n o m ic  m o d e l s tre a m s .
EXPENSES
CAPITAL COSTS:
• Design
• Construction
• Equipment acquisition
OPERATIONAL COSTS:
• Labour
• Maintenance
• Consumables
• Residual disposal
F ig u re  2 re s e n ts  a  s c h e m a t ic  o f  th e  e c o n o m ic  m o d e l s t r u c tu r e  w ith  th e  c o lo u r  c o d e d  
in p u t,  o u tp u t ,  d a ta b a s e , a u x il ia ry  a n d  a n a ly s is  w o rk s h e e ts .  T h is  s t r u c tu r e  e m p h a s is e s  
th e  re s u lts  a n d  th e  a n a ly s is  p o s s ib i l i t ie s  o f  th e  m o d e l.  D a ta  a re  s to re d  in  d a ta b a s e s  
w ith  in fo rm a t io n  f r o m  p u b l is h e d  re p o r ts ,  e x is t in g  a n d  p la n n e d  fa c il i t ie s  a s  w e ll a s  
c u r re n t  p ro je c ts .  M o re o v e r ,  th e  m o d e l is d e s ig n e d  to  e a s e  fu tu re  s e n s it iv i ty  a n a ly s e s  
b e c a u s e  m o s t  o f  th e  v a r ia b le s  in  it a re  s to re d  a s  a v e ra g e , m in im u m  a n d  m a x im u m  
v a lu e s .
Input worksheets 
•Project input 
•Waste input A
Auxiliary
worksheets
•Auxiliary
Calculations
A
Database
worksheets
•Mass
•Energy
•Ratios
•Incentives
•Revenues
•Capex
•Opex
Result worksheets
•NPV
Analysis worksheets
•NPV Graphs 
•Opex analysis
•Gate fee confidence intervals 
•Capex confidence intervals 
•Opex confidence intervals
F ig u re  2. E c o n o m ic  m o d e l s tru c tu re
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2.1.2 Inputs
Economic model parameters are input in two different worksheets in the spreadsheet. 
The “Project input” worksheet (of. Figure 3) is used to type in the following project 
information grouped in the following categories:
• Project information. General details of the project like name and client as well 
as the consultant are introduced in these fields to help identify the project.
• Transport. Information related to transport like the average trip distance that 
refuse collection vehicles do and their load capacity is introduced here. This 
information should be consistent with the information used in the 
environmental analysis.
• Timing. The project start date and duration are specified here. Similarly, the 
estimated time for the plant to begin operation, equivalent to the time that the 
plant will take to build, is consigned in this section.
• Finance. General economic variables that affect the project are input here. For 
example the discount factor used in the project.
• Technology. In this section, the plant technology is selected from the list of 
available technologies. The possibility of heat recovery in addition to electricity 
is also selected here as well as the information about the district heating 
network. Finally, the plant’s throughput capacity and uptime are also 
introduced in this section.
Project information
Project name Test
Client Test
Consultant Buro Happold Engineers Pablo Izquierdo
Waste scenario
Waste quantity Average This information is here for reference only, to change it the "Waste input" worksheet
Yearly increase rate Medium must be used
Transport
Average RCV trip distance in km 100
Average RCV load in tonnes 13
Project timing Project finances
Project start date 01/01/2008 Discount factor 1 6%
Project life time (years) 31
Plant start up date 01/01/2010
Technoioav
Plant type selection Options
Technology: Incineration Anaerobic Digestion Incineration Gasification | Pyrolysis
CHP? with CHP with CHP without CHP
District heating network length in km 0 Additional opex due to distric heating | 8%
Plant Throughput in tonnes per annum 150,000
Plant uptime in hours per annum 8,000 equivalent to | 91 %|
F ig u re  3 . “P ro je c t in p u t” w o rk s h e e t
The “Waste Input” worksheet (of. Figure 4) is where the project waste-specific 
information is introduced. Moreover, waste quantities and composition are the link of 
the economic model with another part of the research, the waste estimation tool 
(WET). The amount of suitable feedstock available is key for an EfW plant economic 
operation. Therefore, it is a limiting criterion for the MCDA and the minimum quantities 
to allow a plant to be considered in the model are consigned in the worksheet.
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Waste quantity 
scenario
Total waste 
quantities
Paper and 
cardboard Metal
Glass Plastic Putrescible Other
Average 50,000 35.0% 10.0% 5.0% 5.0% 40.0% 5.0%
High 75,000 35.0% 10.0% 5.0% 5.0% 40.0% 5.0%
Low 25,000 35.0% 10.0% 5.0% 5.0% 40.0% 5.0%
Waste generation 
increase
Yearly waste 
Increase
Paper and 
cardboard Metal
Glass Plastic Putrescible Other
Medium 1.5% 1.0% 0.0% -0.1% -2.0% -0.5% 0.0%
Fast 2.5% 1.0% 0.0% -0.1% -2.0% -0.5% 0.0%
Slow 0.1% 1.0% 0.0% -0.1% -2.0% -0.5% 0.0%
Homogeneous increase in all fractions (Y/N)? V If not "Y" the above individual values will be used
Technology
Percentages of 
suitable waste for 
treatment
Paper and 
cardboard Metal Glass
Plastic Putrescible other
Anaerobic Digestion 100% 0% 0% 0% 100% 0%
Incineration 100% 0% 0% 100% 100% 100%
Gasification 100% 0% 0% 100% 0% 100%
Pyrolysis 100% 0% 0% 100% 0% 100%
Landfill 100% 100% 100% 100% 100% 100%
Selected waste 
quantity scenario
Selected yearly 
Increase rate
If necessary, waste from other sources will be available to cover up to the following
plant throughput
Average Medium 100%
F ig u re  4 . “W a s te  in p u t” w o rk s h e e t
The WET can provide short-term estimations on the waste quantity and composition 
that will arise from a development, however, long-term forecast is required for the 
economic analysis. This is modelled through waste scenarios. Each scenario is 
described by a total yearly waste quantity and its composition in six waste fractions: 
paper and cardboard, metal, glass, plastic, putrescible, and other. Three possible 
initial waste quantities can be considered. They are the “Average”, i.e. the most likely 
quantity to be generated from the development, the “High” and the “Low”, i.e. the 
upper and lower boundary initial quantities. The growth of the waste quantities over 
time is described through another set of three possibilities: medium, fast and slow 
growth. When combined, they represent nine possible scenarios from where to 
choose from as shown in Figure 5.
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Initial Waste 
Quantities
Waste growth 
possibilities
High
Low
Medium
Tota amount of waste evolution
2008 2011 2013 2015 2 0 J« 31 9  2021 2023 2025 2027 2029 2031 2033 2035 2037 2039
Medium
F ig u re  5 . T o ta l a m o u n t o f w a s te  e v o lu tio n  d e p e n d in g  on  q u a n tity  an d  g ro w th  s c e n a rio  s e le c tio n .
Additionally to a default uniform increase of each waste stream, the model offers the 
possibility of typing in a yearly percentage change for each individual waste stream. 
This feature can be used to model different growth, or reduction, in each waste 
fraction and consequently, the amount of suitable feedstock available for each EfW 
technology.
Another parameter that needed to be introduced in the model is the availability of 
waste from outside the development. Project work has highlighted that a 
development, unless really large, e.g. city scale, barely supports an EfW facility on its 
own. This fact is confirmed by the Audit Commission: “Few councils generate enough 
waste alone to justify building an incinerator with energy recovery of the most efficient 
scale” (2008). In general, residual waste generated by a development is usually less 
than the minimum quantities required for a plant economic operation. These figures 
were identified during the technology review phase of the research. Nonetheless, there 
is currently plenty of residual waste being landfilled that could be used as feedstock 
for potential EfW plants. However, the possibility of tapping into this residual waste,
i.e. the chances of guaranteeing a long-term supply amidst possible competition from 
other waste treatment facilities or with dwindling quantities because of increased 
recycling, needs to be considered. Therefore, the possibility of securing additional 
waste quantities up to a specified level will be considered a qualitative criterion in the 
multi criteria decision analysis.
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In the economic model calculations, the additional waste quantities that could be 
sourced from outside the development are represented as a percentage of the total 
design plant throughput. For example, by entering a percentage of 75%, it is assumed 
that there will be waste available from outside the development to top up the waste 
available from the development up to 75% of the plant yearly capacity as shown in 
Figure 6.
Waste sources
160000
140000
I  120000 
« 100000 
® 80000 
S 60000
g 40000
of total 
capacity
20000
□ Spare capacity
■ Waste available from 
outside the development
□ Waste available from 
development
F ig u re  6 . S o u rc e s  o f w a s te  fo r  E fW  p lan t.
2.1.3 Databases
Databases are worksheets containing data for the model. They contain benchmarks, 
e.g. amount of thermal energy produced per tonne of waste treated, ratios, e.g. 
number of employees per thousand tonnes of capacity, etc. for the different EfW 
technologies. The extensive amount of data collected during the technical review and 
while developing the economic model allows calculating averages as well as 
maximum and minimum values for the benchmarks and ratios. Average values are 
used in the direct calculations whereas the maximum and minimum values will be 
used in the sensitivity analysis phase.
This report does not contain detailed information on the data sources or an extensive 
data list because they will be included in the final dissertation. Nonetheless, a brief 
overview of the type of data stored in the database and grouped by category is 
presented here.
The mass worksheet contains information required to calculate the mass balances of 
EfW plants as shown in Figure 7. It presents the different mass output streams as a 
percentage of the mass input.
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Mass output
Value Rg. Min Rg. Max Unit
Recyclable metal 5% 2% 8% Percentage of input as recyclable metal
Digestate 0% 0% 0% Percentage of input as digestate
Landfill 25% 20% 30% Percentage of input disposed at landfill
Hazardous landfill 4% 2% 6% Percentage of input disposed at hazardous landfill
F ig u re  7 . M a s s  in fo rm a tio n .
Energy related data is stored in another worksheet. Figure 8 shows that the 
information stored refers to properties of the waste input, such as the calorific value 
(CV) or the percentage of total volatile solids (TVS) that describe the EfW feedstock 
waste properties. There is also thermal technologies information, e.g. energy output 
figures with percentages of efficiency and parasitic loads, and relevant information for 
AD, e.g. biogas generation rate and energy contents.
Waste input
Value Rg. Min Rg. Max Unit
CV 9.5 9 11 MJ/kg
Putrescible 0% 0% 0% % of TVS
Energy output
Value Rg. Min Rg. Max Unit
Ultimate biogas production 0 m3/kg TVS
Digestion efficiency 0% 60% 75% actual/ theoretical maximum percentage
Biogas energy content 0 5.5 6 kWh/m3
Thermal efficiency 50% 45% 55% Thermal output/feedstock energy input
Electric efficiency 21% 14% 27% Electricity output/feedstock energy input
Parasitic thermal load 2% 1% 3% % of generated energy used in the plant
Parasitic electric load 10% 7% 13% % of generated energy used in the plant
F ig u re  8 . E n e rg y  in fo rm a tio n .
Another set of ratios refers to the life span of EfW facilities and their space 
requirements and number of employees. The space ratio is worked out as the plant 
footprint in hectares divided by the plant throughput in thousands of tonnes. Similarly, 
the employee ratio is calculated as the number of full time equivalent employees 
divided by the plant throughput in thousands of tonnes.
Technology ratios
Average
value Rg. Min Rg. Max Unit
Life span 27 20 50 Years
Land ratio 0.077 0.005 0.400 Hectares per thousand tonnes treated
Employee ratio 0.321 0.200 0.731 Number of employees per thousand tonnes treated
F ig u re  9 . L ife s p a n , e n e rg y  a n d  e m p lo y e e  ra tio s .
The incentives and revenues databases consist of a time series of unitary prices, e.g. 
EVMWh or £/tonne treated, for the different income streams, e.g. electricity, heat, 
recyclable materials, etc. Some examples of these series are shown in Figure 10.
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Incentives
Year 0 1 2 3 4 29 30 31
Start date 2008 01/01/2008 01/01/2009 01/01/2010 01/01/2011 01/01/2036 01/01/2037 01/01/2038
End date 31/12/2008 31/12/2009 31/12/2010 31/12/2011 31/12/2036 31/12/2037 31/12/2038
Renewable subsidies
HOC £/M W h 0 0 0 0 0 0 0
ROC £/M W h 40 40 40 40 40 40 40
CCL exemption
Gas p/kWh 0.154 0.154 0.154 0.154 0.154 0.154 0.154
Electricity p/kWh 0.441 0.441 0.441 0.441 0.441 0.441 0.441
F ig u re  10 . In c e n tiv e s  d a ta b a s e .
Finally, the capital and operational costs are calculated from best-fit exponential lines 
on the gathered data for the design capacity. Collected data is fitted to a line of best 
fit that minimises the distance between the data and the best-fit lane. It has been 
assumed that the best-fit line will be best represented by an equation of the form:
y  = a- X (Eq. 1)
Where a and b are coefficients to be determined. This equation was chosen based on 
the expected economies of scale that are easily represented by this type of equation 
with b<1. Additionally to the best-fit lines, upper and lower 95%  confidence intervals 
are calculated so that they can be used in the sensitivity analysis.
160
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E 80w
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Gasification/Pyrolysis capital costs
A ^ ▲▼ ^
▲
A. _
--------1 ^ ------------------------1----------------- 1------------------1
50000 100000 150000 200000 250000 300000
T h ro u g h p u t c a p a c ity  (to n n e s )
4  Actual capital cost —
■ —  Upper confidence interval —
—  Estimated capital cost
—  Lower conficence interval
F ig u re  11 . G a s ific a tio n /P y ro ly s is  c a p ita l c o s ts  w ith  b e s t f it  an d  9 5 %  c o n fid e n c e  in te rv a ls .
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Confidence intervals depend on the amount of data collated and sometimes the lack 
of data, e.g. gate fees for gasification/pyrolysis plants that do not operate yet in the 
UK, means that they cannot be calculated. An example of the best-fit line, 95%  
confidence intervals and cost information for particular capital costs of gasification 
and pyrolysis plants is shown in Figure 11
2.1.4 Outputs
Depending on the technology selection, the amount of waste available, etc. the 
economic model calculates the cash flows of the different income and expense 
streams. Figure 12 shows their evolution with time.
Incentives of Incineration with CHP treating 150000 tpa
□  HOC ■  ROC o  Gas □  Electricity ■  PRN
Revenues of Incineration with CHP treating 150000 tpa
□  Electricity Sales □  Heat Sales o  Recyclable metals ■  Digestate a  Bottom ash ■  Gate fee
Operational costs of Incineration witti CHP treating 150000 tpa Capital costs of Incineration with CHP treating 160000 tpa
□ Non-hazardous Q Hazardous
■  Salary □  Overheads
□  Insurance «Maintenance
■  Consumables+vehicles o  Transport
■  Additional cost due to district heating
F ig u re  12 . E c o n o m ic  m o d e l g ra p h ic a l re s u lts .
The final aim of the economic model was to calculate the values of selected criteria for 
the MCDA. The criteria that will be scored and weighted are:
• Net present value (NPV) in £.
• Simple payback period (SPR) in years, although alternatively, the internal rate 
of return (IRR), as a percentage, could be used.
• Initial capital cost in £.
The equation to calculate the NPV is (Eq. 2), where N is the lifetime of the project in 
years, r is the discount rate and CF| is the cash flow in year i, i.e. the sum of all 
revenues of the plant during year i minus the expenses of that year.
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n p v  =  £
CF,
/=] ( l  +  r ) '
(Eq. 2)
The SPP is the year I when NPV changes from a negative to a positive value. The IRR 
is the discount factor (r) for which the NPV is zero at the end of the life of the project, it 
could also be calculated and used as an alternative criterion to the SPP.
The criteria value can be seen in one of the graphs produced by the economic model 
(of. Figure 13).
NPV of Incineration with CHP treating 200000 tpa
150
100
Payback period
(years) Net Present Value (£m)
Initial capital cost 
(£m)
-50
-100
-150
203820332023 2028201820132008
D ate
F ig u re  13 . C r ite r ia  v a lu e s  fro m  e c o n o m ic  m o d e l.
2.2 Environmental analysis
The environmental analysis of the integration of EfW within the building environment 
will be carried out using the “Waste and Resources Assessment Tool for the 
Environment” (WRATE) that is the Environment Agency software for life cycle analysis 
of waste. The version used is 1.0.1.0 with a standard license. A one-day training 
session provided by one of the companies that collaborated in the development of the 
tool, ERM, was attended and the Environment Agency has a permanent helpline 
through phone and email.
WRATE was considered the most appropriate life cycle assessment (LCA) software for 
this research because it is the most UK specific software, it is well recognised, uses 
mainly data of existing UK plants and processes and is transparent on the 
calculations. However, in this research WRATE is not a standalone piece of software 
hence it needs to be consistent with other parts of the research, e.g. the WET and the
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economic model. Therefore, during these six months, there has been an extensive 
check-up work to identify if there was any limitation, exclusion or incompatibility 
between the different parts of the research.
2.2.1 Limitations
WRATE itself acknowledges that it has some limitations (Environment Agency et al., 
2007):
•  Not designed for product LCA
• Limited to existing scientific knowledge
•  Limited to the Environment Agency’s waste analysis research program
• Limited number of user entered process parameters but complete 
transparency of the data and assumptions
Whilst using WRATE, it became evident that there were some additional 
considerations like for example:
•  The type of waste it could handle. WRATE is better suited for dealing with 
municipal solid waste (MSW) rather than any other type of waste.
•  The variety of waste treatment processes it has. There are not a gasification or 
pyrolysis processes within WRATE’s database that generates both electricity 
and heat, but only electricity.
•  The functional unit used in WRATE is defined as “The collection and treatment 
of municipal solid waste generated by a local community, part of a local 
community, or a group of communities (such as sub-region) for a period of one 
year.” (Environment Agency et al., 2007). However, the collection and transport 
aspects of waste are not directly considered by WET, only through the 
participation and collection rates. Similarly, the economic model only 
incorporates them partially, e.g. the transport of final residues to landfill or a 
treatment plant after treatment.
•  Because of the different feedstocks required for each of the treatments, 
WRATE models need to incorporate additional pre-processing plants, e.g. 
Mechanical Biological Treatments to produce refuse derived fuels for 
gasification plants. However, these are not contemplated in the economic 
model.
Some of these limitations could be overcome with workarounds. For example, the 
different waste streams estimated with WET fit adequately within WRATE’s MSW  
definition, there are planned updates to WRATE’s project database an in any case, 
additional thermal treatment processes could be created by the user. Alternatively, 
these limitations need just to be clearly stated and describe how they would affect the 
model.
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2.2.2 Preliminary results
Figure 14 shows and example of a WRATE model with an incineration plant producing 
electric power only and the associated collection, transport, recycling and disposal 
activities.
Paper
AO
G lass
Plastics-1
1 14.70“/ ^
1 5 .2 2 %  1
Recycling
0.84%
Alum inium
4 .2 0 %
Ferrous
RCV to 
recycling
2 7 .0 3 %
10.86 “72.97%7 2 .9 7 %100.00%
Large power only 
incinerator
RCV to
treatm ent 2 2 .5 5 %
Test waste Landfill
0
Bottom Ash 
recycling
F ig u re  14 . E x a m p le  o f W R A T E  in c in e ra tio n  m o d e l.
A similar model was created for a large incinerator but with the capability of exporting 
heat as well as electricity and for a gasification plant treatment. The gasification model 
is different from incineration because of the required pre-processing as shown in 
Figure 15. Because of the pre-processing, the gasification and incineration plant 
capacity are not the same despite starting with the same amount of waste in the 
model.
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F ig u re  15 . E x a m p le  o f W R A T E  g a s ific a tio n  m o d e l.
The default impact categories are chosen as the criteria in the MCDA analysis. They 
are:
Abiotic resource depletion as in Guinee et al (2001) 
Freshwater aquatic ecotoxicity as in Huijbregts (1999; 2000) 
Acidification as in Huijbregts (1999)
Eutrophication as in Heijungs (1992)
Global warming as in Houghton (2001)
Human toxicity as in Huijbregts (1999; 2000)
With the limitations outlined above, some preliminary results have been calculated to 
present the capabilities of the WRATE. However, the integration of these results with 
the economic model, the analysis with the MCDA and their interpretation will be 
carried out during the next six months.
Results can include all stages of the waste life cycle (cf. Figure 16) or they may just be 
presented for a particular element of it, e.g. treatment (of. Figure 17).
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2.3 Weighting and scoring
No full weighting and scoring model has been built yet. Only, a preliminary exercise 
was carried out to present how the final results of an MCDA could look like in the 
EngD conference and the CIWM poster (see Error! Reference source not found.)
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1------------------------------------------
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F ig u re  18 . E x a m p le  o f w e ig h t in g  a n d  s c o rin g
In the preliminary weighting model, only the environmental and economic quantitative 
criteria were considered. Qualitative criteria were neither weighted nor scored 
although they will be in the future.
A two-stage weighting was used allowing a clearer perception of the most important 
group of criteria as well as the most relevant individual criterion within a group. In a 
first stage, an overall weight, between 0 and 100, was assigned to the environmental 
group of criteria and the complementary weight up to 100 assigned to the economic 
group of criteria. Individual weights, again between 0 and 100, were shared to each 
individual criterion in the groups so that the total added up to 100 in the second 
weighting phase.
The scoring method was a 0 to 100 figure for all the criteria. This is one of the 
methods described in the Department for Communities and local government MCDA 
guidelines (DTLR, 2000). The relation between the criteria values to their scores could 
be positive, i.e. the higher the NPV the better, or negative, the higher the greenhouse 
gas emissions, the lower score. This would depend on the consideration of the criteria 
by the stakeholders. For example, in a positive relation, the lowest value will get a zero 
score, the highest will score one hundred and the intermediate result will be scored 
proportionally to the maximum and minimum. The weighted scores will rank the 
technologies with the highest weighted score as the most preferable.
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2.4 Conferences
Some relevant conferences and exhibitions were attended in these six months: two 
days in the EngD conference and three days at the Chartered Institution of Waste 
Management (CIWM) annual conference in Paington. Taking advantage of a visit to 
Spain, the biannual TEC-TECMA exhibition, translated as an international urbanism 
and environment trade show with a strong presence of waste related activities, was 
visited in Madrid.
During the CIWM conference, presentations on current EfW activities around the 
world, state-of-the-art gasification and clean-up equipments were attended. 
Moreover, contacts were made with gasification plant manufacturers, e.g. Energos, 
syngas energy manufacturers, e.g. Edina, and pneumatic collection systems, e.g. 
MetroTaifun. Additionally, EfW plants information was collected for the economic 
model. Finally, contacts were made with the Resource Efficiency and Environmental 
transfer networks. These are organizations set up by the government to bring together 
industry and academia relations by sharing knowledge and encouraging innovation. 
These networks could be used to search for case studies in the future stages of the 
research.
A particular follow-up lead to a visit to the Aerothermal Waste Management group 
facilities. A test-scale autoclave prototype was used to demonstrate the capabilities of 
a technology that is being widely considered in several projects in the UK for the pre­
treatment of residual waste. Aerothermal is also developing a gasification prototype; 
both can be seen in Figure 19.
F ig u re  19 . A e ro th e rm a l W a s te  M a n a g e m e n t a u to c la v e  a n d  g a s if ic a tio n  p ro to ty p e s .
A one day presentation of the results of the SUEWaste consortium, which investigates 
similar topics as this research, was attended. However, no clear opportunities for 
direct use of their results or immediate collaboration were spotted.
More recently, the Recycling & Waste Management trade show was visited in 
Birmingham to stay updated on the latest technologies and developments in the 
machinery and technology waste sector.
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2.5 Papers and presentations
A presentation of the progress to date of this research was made at the EngD 
conference and a copy of it was incorporated as appendix II in the previous six-month 
report. The feedback received was positive and encouraging.
A poster titled “A decision support tool to integrate energy from waste technologies 
within the UK’s built environment” that presented the decision support tool as a part 
of this research, was displayed at the CIWM conference in Paignton this summer. It 
was improved thanks to the suggestions and feedback of the EngD conference. A 
copy of it is in Error! Reference source not found.
The paper for the Communications in Waste and Resource Management journal 
intended to be finished during these six months has been postponed for the next 
semester. The reasons have been two-fold: the extra time the economic model has 
required and the acceptance of a paper for an international symposium.
After attending the “International symposium on energy from biomass and waste” that 
took place in Venice in November in 2006 and finding it a relevant conference, an 
abstract for the 2008 conference was sent and later accepted. The Venice symposium 
alternates with the well-established Sardinia International Waste Management and 
Landfill Symposium and has the same organisers. The peer-reviewed paper presented 
has the title: “A decision support tool for the integration of energy from waste 
technologies within the built environment”. It will be presented in November in the 
conference session AS “Evaluation tools for biomass & waste to energy systems”. A 
copy of it can be found in Error! Reference source not found.
2.6 Visits
In the past six months, apart from the visit mentioned in section 2.3 to the autoclave 
demonstration facility of the Aerothermal group near Poole there have been some 
other interesting visits for the research. These visits have provided insight experiences 
to the waste management and particularly the waste treatment activities.
F ig u re  20 . Im a g e s  o f v is it to  S E L C H P  in c in e ra to r .
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The South East London Combined Heat and Power (SELCHP) plant was visited in 
April. This really interesting visit was useful to understand the different components 
and processes within an incineration plant. Figure 20 shows two images of the visit.
Additionally, the Materials Recycling Facility of Veolia at Greenwich where Buro 
Happold’s office is recycled was visited and some pictures are shown in Figure 21.
F ig u re  2 1 . Im a g e s  o f v is it to  V e o lia  M R F  fa c ility  a t  G re e n w ic h .
A meeting with Canary Wharf’s Estate Manager was also a useful visit to understand 
why an adequate design in the early stages is the difference between successful or 
failed waste management operations. Adequately sized and signed basements allow 
for refuse collection vehicles to enter and pick-up portable compactors. The 
compactors, one for recycling and one for residual wastes, are filled semi- 
automatically with the contents of wheelie bins. After being empty, the wheelie bins 
are returned to the storage rooms in each floor. All these operations take place 
overnight. Therefore, a careful design of storage rooms, service lifts and basements 
was necessary to achieve an operation without problems. In the meeting, waste 
generation and recycling figures were provided and subsequently incorporated in the 
Waste Estimation Tool.
2.7 Projects
There have been some very relevant projects during these six months where some 
parts of the research have been applied and improved whilst contributing to develop 
Buro Happold business. A project in particular has explored the feasibility of an EfW 
facility within London from the technical, economic and legislative points of view 
highlighting the drivers, barriers and associated risks. This project is very well aligned 
with this research’s aims proving its relevance.
Two projects involved Chinese cities, one in the North of the country and the other 
one in the East coast. The project in the North consists of the enlargement of an 
existing city from 50,000 to 300,000 people. Buro Happold advised on the 
infrastructure, transport and sustainability strategies. In particular, a waste strategy 
was proposed oovering the following aspects:
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Sustainability drivers and principles 
Legislation review 
Waste estimation and forecasts 
Reduction and reuse of waste 
Waste storage and collection 
Recycling and residual waste treatment.
Each of these topics was introduced, the stakeholders identified and the potential 
benefits outlined. Guidelines were produced for the Implementation and follow up of 
proposed targets. The project has gone to the next stage where detailed design will 
take place for a start-up area.
The project involving the Chinese city in the East coast was a competition and hence 
sought more innovative proposals to achieve very high sustainability targets, e.g. more 
than 60%  diversion from landfill. Similar aspects to those outline above where 
explored and some of the proposed measures were:
•  Integrate within the regional waste strategies and infrastructure. Because one 
of the largest Chinese incinerators is located near the proposed city location, 
no additional thermal treatment plants were proposed.
•  Use a pneumatic waste collection system to collect waste. This will encourage 
waste segregation and allow a “pay-as-you-throw” system to reduce waste 
generation.
•  Use of anaerobic digestion to treat putrescible and green waste. The biogas 
produced would minimally contribute to the total energy or thermal demand of 
the site. However, if cleaned and upgraded to natural gas quality, could power 
the city bus fleet and hence contribute to the green transport target as well as 
to the diversion from landfill.
In both projects, the waste estimation and forecast as well as the residual waste 
treatment sections were fully relevant to this research. Although additional information 
was gathered to cope with the project particularities, the Waste Estimation Tool and 
the economic model were used to provide relevant information for the reports 
produced.
In the London project, the client's main driver was to investigate innovative technology 
and funding options for an EfW facility although legislative issues were also discussed. 
Regarding funding, the client envisaged that the market would pay a premium for 
residential units rated with higher than the average 3* level under the Code for 
Sustainable Homes (Department for Communities and Local Government, 2008). This 
rating comes at an extra cost for the developer because of improved building 
techniques, on-site renewable energy requirements, etc. The project explored the 
possibility of rather than individual developers paying for these extra costs in their 
developments, they could contribute to fund the EfW plant and the associated energy 
distribution infrastructure that would supply them with low carbon energy. This would 
be cheaper for developers and residents and would show their sustainability
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commitment. Additionally, it will simplify energy management activities, e.g. managing 
a larger district heating scheme rather than several small ones, export renewable 
electricity from a central location, etc., it will be more efficient, thus less greenhouse 
gases emissions, and in general, everyone will benefit of a more sustainable way of 
living.
On the technical side, the possibility of distributing cleaned syngas or even reformed 
syngas as biodiesel or a hydrogen rich gas was explored. Finally, risks of this 
approach were identified and mitigation measures proposed.
In particular, the scope of the project included exploring the options of treating in a 
generic gasification plant between 150,000 and 210,000 tonnes per annum of refuse 
derived fuel (RDF). The feedstock would be derived from the pre-treatment of residual 
waste collected within the North London Waste Authority area. Four technological 
options were presented for using the by-products of the thermal treatment of RDF and 
a Strength, Weakness, Opportunities and Threat analysis was carried out for each. 
Additionally, a geographical study was carried out to identify land availability for 
possible district heating infrastructure that was identified as a potential restriction to 
the project.
The economic model used in the project was a simplification of that being developed 
for the research. Nonetheless, it still produced accurate results that were validated by 
another consultancy in the project. Figure 22 shows an example of the economic 
calculations carried out where from the revenues of selling heat and electricity plus the 
incentives, e.g. renewable obligation certificates, the operational costs are subtracted 
showing the profit achieved per tonne excluding capital repayments.
Gasification »
Capex: £80m
Opex: £50/tonne
1 tonne of RDF=
Gasification
CHP
1.6 tonnes of residual
waste
►
Heat price: £30/MWh
Revenue: £22.5
Electric price: £60/MWh
Double ROCs at 2 x £35/MWh 
over 60% of the generated 
electricity
Electric energy: 0.675 MWh 
Revenue: £68.8
Total revenue per tonne: £22.5 + £68.8 - £50 = £41.3
F ig u re  22 . E x a m p le  o f e c o n o m ic  c a lc u la tio n s .
The project main conclusion, pending further detailed analysis, is that in some 
circumstances, nearby developers could contribute to pay for a fraction of an EfW
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plant capacity and the associated energy distribution infrastructure and they will 
recoup their investment through the premium the market pays for residential units 
rated with higher than average scores under the Code for Sustainable Homes. 
Therefore, this presents an incentive for developers to get together Involved In the 
planning of an EfW plant because of reduced costs for extra benefits. Additionally, 
residents will also benefit with lower energy bills and ultimately the whole process will 
be more sustainable.
This exercise has proven useful as a test for the economic model. Furthermore, it will 
be also useful in future stages of the research when the drivers and barriers for EfW 
technologies will be discussed. The list of risks and mitigation measures can be found 
in Error! Reference source not found.
2.8 Other
In this six month period, the Integrated Assessment module was passed and there has 
been a change of supervisors due to Prof. Chris France taking a temporary voluntary 
leave of his academic activities. He has been replaced by Prof. Stephan Jefferis also 
from the Centre of Environmental Strategy.
During the supervisor meetings, the format of the final dissertation was discussed. The 
“traditional thesis” and “portfolio” approaches were considered. Finally, a more 
traditional thesis approach was chosen but using updated versions of the six months 
reports with an introductory, long executive summary that will justify the aims, 
procedures and present the conclusions. A draft presenting the structure of the 
document was discussed during the supervisor meetings and it will be progressed 
during the next six months. The proposed structure can be seen in Error! Reference 
source not found.
Encouraged by the supervisors, contact was made with previous EngD research 
students now working at the largest UK airport operator BAA Ltd. The contacts led to 
a meeting with Emma Alexander, the head of Waste & Water of BAA. Thanks to the 
meeting a great knowledge of how waste is managed In airports and waste arisings 
data was obtained, the latter being incorporated in the Waste Estimation Tool. A 
possible collaboration was discussed for the waste related activities included in the 
planning proposals of Stansted’s expansion. As part of the planning application a 
mini-materials recycling facility and energy from waste plants were hinted although 
without a firm commitment. Given the early stages of the project, the holistic view of 
BAA on waste management and the fact that it was a single and already selected site 
meant that it was a perfect candidate as a case study for the research. However, the 
BAA team at Stansted thought the collaboration would not be beneficial for them and 
decided not to start the project.
EngD Dissertation______________________________ Volume III_________________________ Page 319
3 Objectives for next semester_____________________
In order to progress towards the final aims of the research the following objectives are 
proposed for the next six months:
•  Finish the integration of the economic model with the environmental analysis.
•  Implement a full scoring and weighting system to present the integrated results 
of the MCDA.
•  Find a case study where the fully integrated model could be tested.
•  Carry out sensitivity analysis to identify the most significant parameters that 
affect the MCDA results.
•  Present the accepted paper at the Venice 2008 symposium.
•  Progress the draft of the final dissertation adding contents to the already 
existing structure.
•  Finish and submit the whole paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
•  Develop further the risk and mitigation, i.e. drivers and barriers, section from 
the starting point of those In Error! Reference source not found.
The progress towards achieving these objectives will be monitored during the 
supervisor meetings.
Some of the contacts made in the past six months could be used to achieve some of 
these objectives, e.g. a case study. Furthermore, involvement in relevant projects that 
could contribute to progress, develop and improve this research will be sought.
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Appendix XVIII. 42 month progress report
1 Executive summary_____________________________
This is the last of the six monthly reports that describe the work carried out during 
each of these periods throughout the research. It reports how most of the objectives 
set up in the last six month report have been achieved and sets the final objective of 
finishing the dissertation by the of October 2009.
In particular, section 2.1 describes the creation of the economic and environmental 
models and Error! Reference source not found, and Error! Reference source not 
found, contain the draft version of their associated reports. Section 2.2 presents how 
the commercial software HiView 3.2 has been chosen to carry out the scoring, 
weighting and their associated sensitivity analysis instead of a bespoke worksheet. In 
section 2.3, the presentation of the journal paper to the second international 
symposium on energy from biomass and waste held in Venice in November 2008 is 
reported. The same section presents the submission of the journal paper “The use of 
operational waste benchmarks to estimate waste quantities and composition for 
waste strategies and to assess environmental performance of building developments 
within cities." to the Communication in Waste and Resource Management (GWRM) 
chief editor Prof. Simon Pollard of Cranfield University. The whole paper can be found 
in Error! Reference source not found..
An important amount of time has been devoted during the past six months to find a 
suitable case study to apply the decision support tool created during research. 
Section 2.4 describes the process of finding suitable projects, the two candidates 
found, the reason for one of them dropping out and the progress made with the other.
Finally, section 2.5 introduces the draft structure for the final dissertation that will be 
its framework (see also Error! Reference source not found.) and section 2.6 reports 
on the visits to relevant energy from waste facilities done during the last six months.
2 Progress to date________________________________
In the previous six month report, the objectives set for this period were:
•  Finish the integration of the economic model with the environmental analysis.
•  Implement a full scoring and weighting system to present the integrated results 
of the MCDA.
•  Find a case study where the fully integrated model could be tested.
•  Carry out sensitivity analysis to identify the most significant parameters that 
affect the MCDA results.
•  Present the accepted paper at the Venice 2008 symposium.
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•  Progress the draft of the final dissertation adding contents to the already 
existing structure.
•  Finish and submit the whole paper to the Communications in Waste and 
Resource Management journal of the Chartered Institution of Waste 
Management regarding the waste estimation tool.
•  Develop further the risk and mitigation, i.e. drivers and barriers.
All these objectives have been achieved apart from the last one which is ongoing and 
will be developed in the final six months and incorporated in the final dissertation. The 
following sub-sections describe the progress in more detail.
2.1 Economic and environmental models
The economic and environmental models have been finished in the past six months 
and the respective sections describing them have been circulated to the supervisors 
for feedback and corrections.
Current drafts of these two documents can be seen in Error! Reference source not 
found, and Error! Reference source not found.. The final drafts will be incorporated 
in the final dissertation.
2.2 Scoring, weighting and sensitivity analysis
Once the economic and the environmental results are obtained, there are two possible 
alternatives.
The first is to create a bespoke worksheet to calculate the scoring and to assign 
weights according to stakeholders’ preferences. Additionally, the bespoke worksheet 
should allow sensitivity analysis to be carried out on the results to see how they 
change with variations in other parameters. If a bespoke tool was to be created, the 
time devoted to create it should be assessed against the possibility of using off-the- 
shelf commercial software.
The second alternative would be to use commercial software. In order to test this 
possibility, three different commercial software programmes were trialled:
•  Expert Choice 11.5
•  Logical Decision 6.1
•  Catalyze HiView 3.2
All these programmes are used in multi criteria decision analyses and have the 
required capabilities of scoring, weighting and sensitivity analysis.
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The results of the environmental and economic models for a test set of technologies 
were scored with the different programmes. Then, different weights were assigned to 
each score and the final results compared.
During this process, the ease of data input, the documentation on the internal 
algorithms, the presentation of the results, the range of analysis that could be carried 
out, the “look and feel”, etc. for each of the programmes were considered.
In summary, the possibility of creating a bespoke tool or using commercial software 
for the scoring weighting and sensitivity analysis has been explored. The final decision 
has been to use HiView 3.2. This software from the company Catalyze was chosen as 
the most adequate for the purposes of this research.
During one of the supervisor meetings, it was also suggested that Catalyze could 
provide a facilitator service for the case study.
2.3 Papers and conferences.
In November 2008, the paper submitted to the second international symposium on 
energy from biomass and waste held in Venice was presented. The conference 
attracted more than 500 delegates from several different countries; it proved a good 
networking opportunity and occasion for updating on the latest developments and 
research in energy from waste.
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The conference organising group, the International Waste Working Group (IWWG), is 
also the editor of the Waste Management international journal. On January 2009, after 
presenting the peer-reviewed paper in the conference, the editorial board sent an 
invitation to act as principal peer reviewer for an article titled “A multi-criteria 
assessment of scenarios on thermal processing of infectious hospital wastes” by A. 
Karagiannidis et. al. This proved as a useful experience because it provided access to 
the guidance criteria provided to peer reviewers allowing a more insightful view of the 
journal writing process.
On the 20th of February 2009, the journal article titled “The use of operational waste 
benchmarks to estimate waste quantities and composition for waste strategies and to 
assess environmental performance of building developments within cities.” was 
submitted to the Communication in Waste and Resource Management (CWRM) chief 
editor Prof. Simon Pollard of Cranfield University. This journal is edited by the 
Chartered Institution of Waste Management (CIWM) in the UK. The whole article can 
be found in Error! Reference source not found..
The “Waste In Social Environment” (WISE) courses organised by Aachen university in 
Germany with funding from the European Union seemed to have a suitable content for 
the research. In particular, course TC5 with the core theme: Biogas, Energy supply 
seemed very relevant. After applying for the course and the funding, a place was 
confirmed for the meeting in Linz (Austria) from May 10*'' to the 15*'' 2009
The Institute of Materials, Minerals and Mining (IOM3) organised a one day seminar on 
“Energy from waste and biomass” the 11*" March 2009. The attendance was free, 
thanks to being awarded one of the bursaries offered to the members of the 
sponsoring organisations: the Environmental and the Resource Efficiency Knowledge 
Transfer Networks. The event was held in London and covered a wide range of 
technologies to make use of biomass. The technologies presented included energy 
from municipal, commercial and industrial waste, algae and cellulosic bio-fuels as well 
as biological and microbial fuel cells. Because of this range, the topics, particularly the 
waste ones, were not treated in great depth but more as an overview; therefore, the 
event was descriptive but marginally interesting.
2.4 Case study
The search for potential case studies to test the research was another of the 
objectives for this semester. The type of project sought was ideally a UK based 
development of a relatively large scale (e.g. around 10,000 residential units or 
employees or a similar mix) where the client would be a local authority or a developer. 
Two different methods were attempted to try to find a suitable case study.
The first one was an internal email within Buro Flappold to all staff, project managers, 
senior staff and partners who could be involved in a project with these features. From
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the answers, some projects were highlighted but many of them discarded because of 
location, scale, type of client, etc. Only one of the projects was found entirely suitable
The second attempt was through the Knowledge Transfer Networks. These publicly 
funded organisations try to bring together business and academia interests and are a 
platform to publish research through conferences, etc. In particular the Resource 
Efficiency and the Environmental networks are active in the energy from waste area. 
Through the tools available to members (e.g. electronic forum) and the network 
coordinators, the similar request that had been made internally in Buro Happold was 
disseminated to the members of these two organisations. Only one company 
contacted back for potential collaboration.
As a result of these efforts, two possible case studies were investigated:
•  The first one is Prupim. They are the developers of Green Park alongside the 
M4 in Reading. The initial contact was through the Energy & Utility 
Infrastructure Group Director at Buro Happold for a presentation of EfW 
technologies to Mr. Stephen Tully, Director for Project Management at Prupim. 
They had some land available adjacent to Green Park and were considering 
the possibility of generating renewable energy in an EfW plant for Green Park, 
its proposed extension and the nearby developments. After the initial 
presentation, the collaboration started. The first meeting to define the scope, 
gather the relevant information and establish the future steps was hold on 10th 
of March 2009.
•  The second case study investigated is Verus Energy. They are a newly formed 
company of four entrepreneurs that want to develop small scale EfW merchant 
plants (i.e. not associated with a local authority or PFI contract). Following the 
publication of the search for the case study in the Resource Efficiency 
Knowledge Transfer Network, the co-founder of the company, Mr. David 
Diracles, established contact to find out more details about the research. 
Following two phone conversations, Verus decided that because of 
commercial agreements with Pell Frishmann, an engineering consultancy, they 
could not engage in the proposed research collaboration. The argument was 
the potential conflict of interest between Verus helping Buro Happold and Pell 
Frishmann that might be perceived to contravene their commercial 
agreements.
Despite this second failed case study, the Verus Energy partners contributed with their 
views on the drivers and barriers for EfW in the current UK situation.
In summary, two potential projects were found although one could not be pursued 
further. It was subsequently agreed with the supervisors that the Prupim case study 
was exactly the type of case study sought whereas the Verus Energy would provide a 
complementary point of view. Despite the Verus Energy case study not taking place, 
work has started in the Prupim case study and some other case studies may arise 
whilst working on it.
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2.5 Dissertation final draft
A draft structure for the final dissertation was presented during in the supervisor 
meeting for comments and feedback. The table of contents of the proposed draft can 
be found in Error! Reference source not found..
It was agreed that the draft provides a good framework for the dissertation. However, 
because most sections could be potentially quite large, some of the content could be 
moved to appendices in the final dissertation.
2.6 Visits
During the past six months, the following installations were visited:
•  Ethos (previously known as Compact Power) plant in Avonmouth. This 
combined pyrolysis/gasification plant is a pioneer of that technology in the UK. 
Despite being a demonstration plant, its operation has demonstrated the 
viability of the technology and led to planning permission for a larger facility in 
a nearby location.
F ig u re  2 . P yro lys is  tu b e s  in th e  E th o s /C o m p a c t P o w e r  p la n t in A v o n m o u th
• Incineration plant with GHP in Brescia (Italy) as part of the Venice 2008 
technical tours. This 800,000 tonnes per annum incineration plant exports 
energy to the Italian grid and provides heat for the Brescia city district heating 
scheme in combination with other plants.
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F ig u re  3 . B re s c ia  in c in e ra tio n  c o n tro l ro o m
•  London First Power plant in Hackney Wick. This pilot plant is located near to 
the Olympic Park in Stradford (London) and is an attempt to demonstrate the 
feasibility of pyrolysis with a variety of feedstock, operation conditions, etc. 
London First Power is seeking planning for a much larger plant in the same site 
that could supply energy to the nearby Olympic Park.
m
F ig u re  4 . L o n d o n  F irs t P o w e r  p ilo t p la n t
3 Objectives for the next six months
There is just one clear objective for the next six months; finish the research and write 
the final dissertation to be presented before 1®* October 2009.
In order to achieve that, the following tasks will be carried out:
Finish the case study analysis creating the economic and environmental model 
results. Present the associated scores to Prupim so that they can assign 
weights during a stakeholder meeting.
Implement the supervisor feedback and suggestions of the environmental and 
economic models
Complete the drivers and barriers section for the final dissertation as well as 
how to overcome the later. Also describe the future perspectives of the energy 
from waste sector in the UK.
Write the final dissertation following the draft structure outlined in Error! 
Reference source not found.
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Appendix I. EngD updated draft of final dissertation.
The following table of contents is the updated version of that presented in Appendix IV 
in the thirty six month report.
1 Executive summary
2 Research context
2.1 Research drivers
2.2 Energy and waste data.
2.2.1 Energy
2.2.2 Waste
3 Problem framework
3.1 Problem definition. Post-normal science paradigm
3.2 MCDA and the DST
3.2.1 Phases
3.3 Stakeholders
3.4 Options appraisal
3.5 Criteria
3.6 Scoring and weighting
3.7 Sensitivity analysis
4 Waste Estimation Tool
4.1 Description
4.2 Sources of information
4.3 Methodology
4.4 Limitations
4.5 Results
4.6 Journal paper and appendix
5 Technology analysis
5.1 Anaerobic digestion
5.2 Gasification
5.3 Pyrolysis
5.4 Incineration
5.5 Other technologies
5.5.1 Plasma
5.5.2 MBT and In-vessel composting
5.5.3 MRF
5.6 Conclusions
6 Economic analysis
6.1 Economic tools
6.2 Description
6.3 Sources of information
6.4 Methodology
6.5 Limitations
6.6 Results
7 Environmental analysis
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7.1 Environmental tools
7.2 Description of WRATE
7.3 Limitations.
7.4 Modelling in WRATE
7.5 Results and criteria
8 Scoring and weighting
8.1 Scoring
8.2 Weighting
9 DST results analysis
9.1 Sensitivity analysis results
9.2 Future scenario analysis
10 Case study
11 Drivers and barriers
11.1 Drivers
11.2 Barriers
12 How to overcome the barriers 
APPENDIX I. Legislation
APPENDIX II. Waste Estimation Tool database 
APPENDIX III. Economic tool database
